biomolecules

Article

Quantification of Histone H1 Subtypes Using Targeted Proteomics

Jordi Lépez-Gémez

Marta Vilaseca 23

check for
updates

Citation: Lopez-Gomez, J.; Villarreal,
L.; Andrés, M.; Ponte, L; Xicoy, B.;
Zamora, L.; Vilaseca, M.; Roque, A.
Quantification of Histone H1
Subtypes Using Targeted Proteomics.
Biomolecules 2024, 14,1221. https://
doi.org/10.3390/biom14101221

Academic Editor:

Achilleas Theocharis

Received: 9 June 2024
Revised: 20 September 2024
Accepted: 24 September 2024
Published: 27 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Laura Villarrea
and Alicia Roque 1'*

4,5

12310, Marta Andrés !, Inma Ponte 1, Blanca Xicoy *(, Lurdes Zamora X

Biochemistry and Molecular Biology Department, Biosciences Faculty, Autonomous University of Barcelona,
08193 Bellaterra, Spain; jordi.lopez.gomez@uab.es (J.L.-G.); mandresni@gmail.com (M.A.);
inma.ponte@uab.es (I.P.)

Institute for Research in Biomedicine (IRB Barcelona), 08028 Barcelona, Spain;
laura.villarreal@irbbarcelona.org (L.V.); marta.vilaseca@irbbarcelona.org (M.V.)

The Barcelona Institute of Science and Technology (BIST), 08028 Barcelona, Spain

Hematology Service, Catalan Institute of Oncology-Germans Trias i Pujol Hospital, Josep Carreras Leukaemia
Research Institute, Autonomous University of Barcelona, 08025 Barcelona, Spain;

bxicoy@iconcologia.net (B.X.); lzamora@iconcologia.net (L.Z.)

Josep Carreras Leukaemia Research Institute, 08916 Barcelona, Spain

*  Correspondence: alicia.roque@uab.es

These authors contributed equally to this work.

Abstract: Histone H1 is involved in the regulation of chromatin structure. Human somatic cells
express up to seven subtypes. The variability in the proportions of somatic Hls (H1 complement)
is one piece of evidence supporting their functional specificity. Alterations in the protein levels of
different H1 subtypes have been observed in cancer, suggesting their potential as biomarkers and that
they might play a role in disease development. We have developed a mass spectrometry-based (MS)
parallel reaction monitoring (PRM) assay suitable for the quantification of H1 subtypes. Our PRM
method is based on the quantification of unique peptides for each subtype, providing high specificity.
Evaluation of the PRM performance on three human cell lines, HeLa, K562, and T47D, showed high
reproducibility and sensitivity. Quantification values agreed with the electrophoretic and Western
blot data, indicating the accuracy of the method. We used PRM to quantify the H1 complement in
peripheral blood samples of healthy individuals and chronic myeloid leukemia (CML) patients. In
CML, the first line of therapy is a tyrosine kinase inhibitor, imatinib. Our preliminary data revealed
differences in the H1 complement in CML patients between imatinib responders and non-responders.
These results support further research to determine if the H1 content or subtype composition could
help predict imatinib response.

Keywords: histone H1; functional differentiation; cancer biomarker; chronic myeloid leukemia;
imatinib resistance; parallel reaction monitoring

1. Introduction

Histone H1 is a protein family involved in the regulation of chromatin structure and
gene expression. In humans, it is composed of 11 subtypes or variants. Seven subtypes,
H1.0-H1.5 and H1X, are expressed in somatic cells, while the remaining subtypes are
germline-specific. Somatic subtypes are divided into two groups. H1.1-H1.5 belongs to the
replication-dependent (RD) subtypes, whose transcription is associated with the histone
locus body. H1.0 and H1X have different expression patterns during the cell cycle, which
are known as replication-independent (RI) subtypes [1].

Histone H1 is composed of three structural domains: a short N-terminal, a conserved
globular domain, and a long C-terminal. Both terminal domains are intrinsically disor-
dered with a high number of basic residues [2]. RD subtypes have high sequence identity
(65-86%), with H1.2-H1.4 being the more similar subtypes. In contrast, H1.1 has a lower
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sequence identity than the other RD subtypes [3]. Both RI subtypes have a more divergent
amino acid sequence while conserving the enrichment in basic residues.

Histone H1 complement is defined as the proportions of the different H1 subtypes in
a cell at a given moment. It is variable depending on the cell type, the cell cycle phase, and
the time of development [4]. However, the regulatory mechanisms behind the differential
expression of H1 subtypes are unknown. The H1 complement in human cell lines has been
studied after H1 separation by capillary zone electrophoresis [5]. In mouse embryonic
and adult tissues, the H1 complement has been determined after separating individual
subtypes by chromatography (reviewed in [4]). In the latter case, separation was not always
complete, and some reported values included more than one subtype.

Alterations in the H1 complement have been extensively described in cancer, suggest-
ing its potential as a biomarker for this disease (Table 1 [6-20]). However, the analysis of the
H1 complement composition is particularly challenging for several reasons: (i) RD subtypes
have over 65% of sequence identity; (ii) denaturing polyacrylamide gel electrophoresis
(SDS-PAGE) of perchloric extracts does not resolve individual variants, as they have similar
net charge and molecular weight; (iii) Western blot and immunohistochemistry detection
depends on antibody performance and are not suitable for multiplexing; and (iv) untar-
geted proteomic analysis should take into account unique specific peptides not shared
between subtypes and would be intended for relative quantification of the protein subtypes
between samples. There are untargeted proteomic approaches considering emPAI index
number (exponentially modified abundance index [21]) or iBAQ (intensity-based absolute
quantitation [22]), which could estimate the amount of protein, or in this case, histone sub-
types in a sample. However, strictly speaking, neither antibody-based techniques nor the
above-mentioned untargeted proteomics methods could accurately quantify the absolute
amounts of different subtypes in the same sample. Therefore, there is an unmet need to de-
velop an assay suitable for the unambiguous absolute quantification of individual subtypes
that allows the determination of the H1 complement composition in cell lines and biological
samples, which often contain limited protein amounts. PRM (parallel reaction monitoring)
is a MS-based proteomics technique that, combined with the introduction of isotopically
labeled selected peptide standards in known concentrations, enables the quantification of
low amounts of proteins with high accuracy, sensibility, and reproducibility [23,24]. We
therefore envisaged this technique for the absolute quantification of all somatic subtypes
without ambiguity.

In this work, we report the design and standardization of a parallel reaction monitoring
(PRM) assay, able to unambiguously quantify the seven H1 somatic subtypes from different
sample types. We used this assay to characterize the histone H1 complement of three cancer
cell lines and peripheral blood samples from healthy subjects.

As a proof of concept, we analyzed the H1 levels in a small cohort of chronic myeloid
leukemia (CML) patients. CML is a hematological malignancy characterized by the recipro-
cal translocation between chromosomes 9 and 22 that form the Philadelphia chromosome.
This alteration produces the BCR-ABL fusion protein, which is considered the driver muta-
tion. The mutant protein has high tyrosine kinase activity, which promotes cell proliferation
and inhibits apoptosis. Tyrosine kinase inhibitors (TKIs) are the standard treatment of CML,
and imatinib is the TKI used as a first-line treatment. However, approximately 20% of the
patients are resistant to this therapy [25,26]. Analysis of a small cohort of CML patients,
with a composition of imatinib responders and non-responders similar to that observed in
the patient population, showed that the levels of total H1 were higher in patients who did
not respond to this drug than in patients with complete response. Non-responder patients
also had a characteristic H1 profile with low levels of H1.0, H1.1, and H1X.
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Table 1. Alterations of the protein levels of H1 subtypes in tumor samples.

Cancer Type

Description Reference

Neuroendocrine tumors

Breast cancer

Glioblastoma
Astrocytic glioma

Prostate cancer

Lung neuroendocrine tumors
Leiomyosarcoma

Acute myeloid leukemia

Bladder cancer

Hepatocellular carcinoma

Ovarian cancer

Increase in H1X in tumors from lung, small intestine, pancreas,
and liver
High levels of H1.0 correlated with tumors with low
proliferative activity

[6] Warneboldt et al., 2008

[7] Kostova et al., 2005

Low levels of H1.0 were associated with tumor recurrence [8] Noberini et al., 2020
Low H1 levels were associated with low overall survival [9] Jung Y et al., 2012
High levels of H1X were a favorable prognosis biomarker [10] Sepsa et al., 2015
High levels of H1 were associated with malignancy [11] Sato et al., 2012
Increase in H1.5 correlated with Gleason score [12] Khachaturov et al., 2014

Higher expression of H1.1 in norma.l tissue compared with [13] Williams et al., 2018
prostate adenocarcinoma
The levels of H1.5 correlated with tumor grading [14] Hetchman et al., 2013
Levels of H1.5 distinguished leiomyosarcoma from leiomyomas [15] Momeni et al., 2014
Decrease in H1.3 was associated with good prognosis in patients .
with NPM1 muta%ionsp & p [16] Garciaz et al., 2019
Increased H1.2-H1.4 phosphorylation correlated with
tumor aggressiveness
Increase in H1.2 in tumor samples [18] Wang et al., 2022
Decrease in H1.0 in adenocarcinomas, when compared [19] Medrzycki et al., 2012
to adenomas
Increase in H1.0 in paclitaxel-resistant cells [20] Kohli et al., 2022

[17] Telu et al., 2013

2. Materials and Methods
2.1. Synthetic Peptides

Isotopically labeled synthetic peptides and light peptides corresponding to H1 somatic
with purity > 95% were purchased from Synpeptide Co., Ltd. (Shanghai, China) (Table S1).
All peptides were supplied after HPLC purification and mass spectrometry verification.

2.2. Cell Culture, Transfection, and Treatments

All the cell lines were grown at 37 °C and 5% CO; in their specific culture media
supplemented with 10% fetal calf serum (Gibco, Waltham, MA, USA) and 1% penicillin—
streptomycin (Ddbiolab, Barcelona, Spain). Cervical carcinoma cells (HeLa) were cultured
in DMEM Glutamax (Corning, Corning, NY, USA). For human breast cancer cells (T47D)
and chronic myeloid leukemia cells (K562), the culture media was RPMI (Corning), supple-
mented with 2 mM L-glutamine (Ddbiolab).

K562 cells were transfected using calcium phosphate with a plasmid containing the
coding sequence of H1.0 or with the empty vector. After 48 h, cells were harvested, and total
RNA and protein extracts were prepared as described here in Methods. The expression of
H1.0 was analyzed by reverse transcription and quantitative PCR (RT-qPCR). Occasionally,
the transfected or control K562 cells were treated with 3 uM imatinib for 24 h.

2.3. Peripheral Blood Samples

Human samples of peripheral blood from three healthy individuals and eight patients
of CML were obtained following the ethical guidelines of the Germans Trias i Pujol Hospital.
Blood samples of 10 mL were stabilized with EDTA and centrifuged at 800x g for 10 min.
The supernatant was recovered and centrifuged at 800x ¢ for 10 min. The cellular pellet
was resuspended in 2.5-3 volumes of TLE buffer (NH4Cl 144 mM, NH;HCO3 10 mM) and
incubated in a rotating wheel for 10 min at room temperature to lyse the erythrocytes. The
sample was centrifuged at 800x g for 10 min, and the pellet corresponding to the white
blood cells was resuspended in 0.5-2 mL of TLE buffer. Finally, the cells were recovered
by centrifugation at 800x g for 10 min, and the dry pellet was stored at —80 °C until
further use.
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2.4. In Silico Analysis of Peptide Candidates

Protein sequences of human H1 somatic subtypes (Uniprot accession numbers: P07305,
Q02539, P16403, P16402, P10412, P16401, Q92522) were used for simulation of proteolytic
digestion with trypsin and Glu-C in the PeptideMass tool from Expasy (Swiss Institute of
Bioinformatic, Lausanne, Switzerland (https:/ /web.expasy.org/peptide_mass/ (accessed
on on 2 May 2023). Unique peptides with less than 25 residues and a monoisotopic mass of
at least 600 Da were selected. The empirical suitability score (ESS) of the preselected pep-
tides was extracted from the Peptide Atlas database (https://peptideatlas.org/ (accessed
on on 2 May 2023)) using the human build (2023-01).

2.5. Preparation of Protein Extracts

Cells were harvested by trypsinization and washed twice with phosphate-buffered
saline (PBS) supplemented with a protease inhibitor cocktail (PIC, Roche, Basel, Switzer-
land). To obtain linker histones, extraction with 5% perchloric acid was performed as previ-
ously described [3]. For preparing total histones, sulfuric extraction was performed using
0.2 M sulfuric acid instead of perchloric acid, using the same procedure described above.

For preparing total protein extracts, cells were resuspended in cold PBS, 0.1 mM DTT
supplemented with PIC, and lysed by sonication in a Branson sonifier SEX250 (Marshall
Scientifics, Hampton, NH, USA), at 40% power using three pulses of 30 s, alternating with
30 s on ice. Sodium chloride was added at a final concentration of 500 mM and incubated in
a rotating wheel for one hour. Afterward, the sample was centrifuged, and the supernatant
dialyzed against the resuspension buffer in a mini tube-O-dialyzer (G-Biosciences, St.
Louis, MO, USA) with a cut-off of 1 kDa. The supernatant contained a mixture of cellular
proteins, which were precipitated in 20% trichloroacetic acid overnight at 4 °C. The sample
was centrifuged at 16,000x g for 15 min at 4 °C, and the pellet was washed with cold
acetone twice.

All the protein extracts were resuspended in 100 mM ammonium bicarbonate in a
Lobind microcentrifuge tube (Eppendorf, Hamburg, Germany), dried by lyophilization,
and stored at —20 °C. Protein concentration was determined using a BCA assay (Thermo
Fisher, Waltham, MA, USA).

2.6. Western Blot

Equivalent amounts of total histones (5 ug) or total protein extracts (20 pg) of the
three cell lines were separated in a 12% denaturing polyacrylamide gel electrophoresis
(SDS-PAGE) and electrotransferred to a polyvinylidene difluoride membrane (PVDF) (EMD
Millipore, St. Louis, MO, USA) at 100 V for 1 h. Immunoblot analyses were performed
with the conditions recommended by the manufacturer for the primary and secondary
antibodies (Table S2). The specificity of primary antibodies has been validated using knock-
down cell lines [25]. Blots were visualized with Clarity Western ECL substrate (Bio-Rad,
Hercules, CA, USA) in a Chemidoc imaging system (Bio-Rad). Histone H3 and tubulin were
used as loading controls for total histone and total protein extracts, respectively. Original
figures can be found in Supplementary Materials.

2.7. Sample Preparation for Proteomic Analyses

The sample digestion method was optimized to minimize missed cleavages. For
the denaturation step, 8 M Urea vs. heating at 95 °C for 5 min or 45 min at 56 °C with
dithiothreitol (DTT) 2 mM with posterior carbamidomethylation were tested. For di-
gestion, three different trypsin enzymes (Trypsin-Promega, Trypsin/LysC-Promega, and
fastTrypsin-Promega), three different time points of incubation (24, 48, and 72 h), and two
enzyme—protein ratios (1:20 and 1:50) were tested.

For the final method, dry extracts were reconstituted in 50 mM NH4;HCO3, pH 8.0,
at a final concentration of 1 mg/mL. Samples were then divided into two aliquots to
obtain tryptic and Glu-C peptides and diluted to a final concentration of 0.1 mg/mL
with 50 mM NH4HCO3; for trypsin digestion and with PBS for Glu-C (Promega, Madison,
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WI, USA) digestion. DTT was added to a final concentration of 2 mM and incubated at
56 °C for 45 min. After lowering the temperature of the samples to room temperature
(RT), iodoacetamide (IAM) was added to a final concentration of 5 mM with incubation
for 30 min at RT in the dark. DTT was added again to a final concentration of 2 mM to
consume any unreacted IAM. The enzyme solution was added at a ratio of 1:20 (w/w,
enzyme—protein) and left to react for 20 h at 37 °C. The next day, more enzyme was added,
this time at a ratio of 1:40, and left to react for 4 h at 37 °C. The digestion was stopped by
adding trifluoroacetic acid to a final concentration of 1%. Then, samples were cleaned up
with polyLC C18 tips and dried in the Speed-Vac (Thermo Scientific, Waltham, MA, USA).
Peptides were reconstituted in 3% acetonitrile (ACN) and 1% formic acid (FA) to a final
concentration of 1 mg/mL and then diluted 1:5 for MS analysis.

2.8. Internal and External Curve Calibration Preparation

For the calibration curve of the heavy peptides, the points of the curve were prepared
by adding different volumes of the stock of mixing heavy peptides and 3% ACN and 1%
FA to a final volume of 20 uL in HPLC vials (Table S3). These curves were injected by
triplicate using the nanoLC-MS/MS method run in the Orbitrap Eclipse described below;
the injected volume was 6 pL. The external light peptides curves were prepared as follows:
different volumes of light stock peptides were loaded in the evotips and diluted with the
respective volume of 3% ACN and 1% FA to a final volume of 20 pL, before loading into the
instrument (Table 54). For sample optimization and initial setup of the MS method to assess
the linearity of each peptide, the limits of detection and quantification were performed
using a Dionex-Orbitrap Lumos system, as described below (Table S5).

2.9. nanoLC-MS/MS

nanoLC-MS/MS measurements were acquired using both an Orbitrap Eclipse and
an Orbitrap Fusion Lumos (Thermo Scientific, Waltham, MA, USA) hyphenated to the
EvosepOne nanoLC system (EVOSEP, Odense, Denmark) or to an Ultimate Dionex nanoLC
System (Ultimate 3000, Thermo Scientific, Waltham, MA, USA).

Sample optimization was performed in the Dionex-Orbitrap Lumos system with the
following specifications. The sample was loaded to 100 pm X 2 cm Acclaim PepMap100,
5 um, 100 A, C18 (Thermo Scientific, Waltham, MA, USA) at a flow rate of 15 pL/min using
a Dionex chromatographic system. Mobile phase A was 0.1% formic acid (FA) in water, and
mobile phase B was 0.1% formic acid (FA) in acetonitrile (ACN). Peptides were separated
using a C18 analytical column (NanoEase MZ HSS T3 column, 75 pm x 250 mm, 1.8 um,
100 A, Waters, Milford, MA, USA) with 250 nL/min flow and 90 min run, comprising three
consecutive steps with linear gradients from 1 to 35% B in 60 min, from 35 to 50% B in
5 min, and from 50% to 85% B in 2 min. The column outlet was directly connected to an
Advion TriVersa NanoMate (Advion, Ithaca, NY, USA) fitted on an Orbitrap Lumos. The
mass spectrometer was operated in DDA-tMS mode. For the DDA experiment, MS1 scans
were acquired in the Orbitrap with the resolution (defined at 200 m/z) set to 120,000, and
the scan range was set to m/z 350-1200, with lock mass on (445.12 m/z). The top speed
(most intense) ions per scan were fragmented by CID, with 35% of collision energy, and
detected in the Orbitrap with 30 k resolution. The ion count target value was 400,000 for the
survey scan and 50,000 for the MS/MS scan. Target ions already selected for MS/MS were
dynamically excluded for 30 s. For the tMS experiment, selected ions were fragmented by
HCD with 28% of collision energy and detected in the Orbitrap with 30 k resolution. The
maximum injection time was 200 ms, and the automatic gain control (AGC, Alpharetta,
GA, USA) targeted 100,000. The spray voltage in the NanoMate source was set to 1.70 kV.

Final measurements were acquired using an EvosepOne coupled to an Orbitrap Eclipse
mass spectrometer (Thermo Scientific, Waltham, MA, USA) via an easy-spray source in-
terface and a stainless-steel emitter (EV-1086 EVOSEP). Total protein digest samples with
tryptic or Glu-C heavy peptide stock were loaded onto the EVOTIP (EV2013) precolumn
following the manufacturer’s instructions. We used a 15 cm Evosep column (EV-1137,
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150 um ID, 1.5 pm beads) installed on a Butterfly heater (Phoenix S&T, Chester Heights,
PA, USA) at 40 °C. The Evosep One method was 155PD Evosep (88 min gradient), which
uses a 220 nL/min flow rate [26]. Mobile phase A was 0.1% formic acid (FA) in water,
and mobile phase B was 0.1% formic acid (FA) in acetonitrile (ACN). The mass spectrom-
eter was operated in MS1-tMS mode. MS1 scans were acquired in Orbitrap with 60 K
resolution, a scan range of 300-1200, with the AGC targeted at 100,000 and a maximum
injection time of 50 ms. For the targeted mass spectrometry (tMS), the selected ions were
fragmented by HCD with 28% of collision energy and detected in the Orbitrap with 30 K
resolution. Orbitrap Eclipse & Lumos Tune Application 3.5.3890 and 4.0.4091 and Xcalibur
versions 4.5.445.18 and 4.6.67.17 were used to operate the instruments and to acquire data,
respectively. In some peripheral blood samples, miscleavaged peptides were detected, so
external calibration curves using light peptides were used to correct the quantification
values. External calibration curves were not acquired on the same day as the samples.

2.9.1. Database Searches for MS Method Optimization

A database search was performed with Proteome Discoverer software v2.3 (Thermo
Scientific, Waltham, MA, USA) using the Sequest HT search engine and SwissProt database
[human release 2019 05 with contaminants database]. Searches were run against targeted
and decoy databases to determine the false discovery rate (FDR). Search parameters in-
cluded enzyme specificity, allowing for two missed cleavage sites, methionine oxidation,
and N-terminus acetylation as dynamic modifications and carbamidomethyl in Cys as
fixed modification. Peptide mass tolerance was 10 ppm, and the MS/MS tolerance was
0.02 Da. Peptides with FDR < 1% were considered positive identifications with a high
confidence level.

2.9.2. Database Searches and Data Processing for Absolute Protein Quantification

We performed a database search with MaxQuant v1.6.14.0 (MQ) software with An-
dromeda as a search engine to build a spectral library in Skyline software. The database
used in the search was a Fasta created with the 7 Histone H1 (H1.0, H1.1, H1.2, H1.3, H1 .4,
H1.5, and H1X). We ran a search against targeted and decoy databases to determine the
false discovery rate (FDR). Search parameters included trypsin or Glu-C enzyme specificity,
allowing for two missed cleavage sites, oxidation in M, acetylation in protein N-terminus,
Ile (+7), Leu (+7), Lys (+8), and Ala (+4) as dynamic modifications and carbamidomethyl
in Cys as static modification. Peptide and MS/MS mass tolerance was 20 ppm. Quantita-
tive targeted MS/MS analysis was performed using Skyline v20.2.0.343, an open-source
software project [26]. A spectral library was generated in Skyline from database searches
of the targeted MS/MS raw files with MaxQuant. We introduced the targeted peptides,
with oxidation in Met and the heavy labels in Lys (+8), Leu (+7), lle (+7), and Ala (+4). The
final selected peptides were manually imported within Skyline. Peaks were picked in an
automated fashion using the default Skyline peak picking model, with Savitzky—Golay
smoothing. Peak areas integration was based on extracted ion chromatograms (XICs) of
MS/MS fragment ions masses, typically y- and b-ions, matching to specific peptides present
in the spectral library. All transitions and peak area assignments were manually validated.
The ratio of Light/Heavy was obtained from the peak area integration from light and
heavy peptides. Skyline output tables contain calibration curve data: replicate and ratio
Light/Heavy (LH) for each peptide. We calculated the final histone subtype amount (ng)
per total protein (ug). We used R statistical software v.4.4.1 to do all the calculations [R
Core Team. (2014). R: A Language and Environment for Statistical Computing. Available
online at http:/ /www.Rproject.org (accessed on 26 November 2023). We first obtained the
calibration curves for each LH (ratio Light/Heavy) for each peptide using the Im function
in R and obtained the slope and intercept. We used one point of the calibration curve
for sample quantification. In human samples, quantitative values of H1 subtypes were
expressed as ng H1 per milliliter of peripheral blood.
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The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [27] partner repository with the dataset identifier PXD050243.

2.10. RT-gPCR

Total RNA was purified with RNAqueous™ Total RNA Isolation Kit (Invitrogen,
Carlsbad, CA, USA), following the manufacturer’s instructions. Purified RNA was quan-
tified, and 100 ng were retrotranscribed with iScriptTM cDNA synthesis kit (Bio-Rad)
using random hexamers as primers. cDNA was amplified by qPCR using the follow-
ing primers: H1-0 forward 5 GTCCTCAAGCAGACCAAAGG 3, H1-0 reverse 5 GC-
CACTGACTTCTTGGGTTC 3/, GAPDH forward 5 CTGACTTCAACAGCGACACC 3’ and
GAPDH reverse 5 TAGCCAAATTCGTTGTCATACC 3'. The reaction mixture contained
1 ng of cDNA, 0.5 uM of each primer, and SYBR supermix (BioRad, Hercules, CA, USA) in
a final volume of 20 pL. The cycle parameters were as follows: one cycle of 95 °C for 3 min,
40 cycles of 95 °C for 10 s, and 60 °C for 30 s, followed by the melting curve (65-95 °C). For
each gene, a negative control sample without retrotranscriptase was included. Mean Cq
values were calculated for H1-.0 and GAPDH (housekeeping control gene). Triplicates with
a difference in Cq values > 0.5 cycles were rejected. H1-0 relative expression to GAPDH
was calculated in all conditions.

2.11. Data Analysis

To evaluate the variations in histone percentages between PRM and SDS methods,
we initially converted the data into logit form and fitted a linear model. This model
incorporated a combination of the method, cell type, and histone group as explana-
tory variables. Then, we conducted a comparative analysis using the ‘glht” function
from the ‘multcomp’ package in R (http://multcomp.r-forge.r-project.org/ (accessed on
26 November 2023)). Finally, we accounted for multiple comparisons by applying the
Benjamini-Hochberg correction. The receiver operating curve (ROC) and its derived pa-
rameters, Youden'’s indeX, specificity, sensitivity, and AUC, were obtained using Epitools
(https:/ /epitools.ausvet.com.au/roccurves (accessed on 20 October 2023)) and SRplot
https:/ /www.bioinformatics.com.cn/en (accessed on 20 October 2023).

Matthew’s correlation coefficient (MCC) was calculated using the following equation:
MCC = (TP - TN — FP - EN)/((TP + FP) - (TP + FN) - (TN + FP) - (TN + FN))'/2, where TP,
TN, FP, and FN are the number of true positives, true negatives, false positives, and false
negatives, respectively. The heuristic cut-off value set at 0.5 was used [28]. The biserial
rank correlation coefficient was calculated using the Wendt formula: r =1 — (2 U/n1:n2),
where U is the Mann-Whitney statistics and nl and n2 are the numbers of responders and
non-responders, respectively. For nl = 8 and n2 = 2, the minimum value of r significant at
p-value < 0.05 is 0.88 [29].

3. Results
3.1. Peptide Selection and PRM Setup

MS-based parallel reaction monitoring relies on the selection of unique peptides
called proteotypic peptides, which meet specific criteria [30]. Absolute quantification is
performed by adding to the sample the isotopically labeled proteotypic (SIS) peptides in
known concentrations as internal standards. Proteotypic peptides are targeted by their
m/z ratio in the mass spectrometer analyzer and subsequently fragmented, producing
product ions. Quantification was performed using the sum of the area of the extracted ion
chromatogram peak (XIC) from each product ion of the precursor peptide ions, referred to
as that of the corresponding SIS peptide (Figure 1A) [23,24].
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Figure 1. Parallel reaction monitoring assay setup. (A) Scheme describing the procedure of a PRM
assay. (B) Representation of H1 somatic subtypes indicating the localization of the heavy peptides.
Light blue regions correspond to the N- and C-terminal domains, while darker blue denotes the
globular domain. The number corresponds to the residues at the border of each domain. Highlighted
in black are the preselected peptides, in orange are the selected Glu-C peptides, and in red are the
selected tryptic peptides.

The first step in PRM setup is the selection of the proteotypic peptides. We performed
an in silico digestion of the H1 somatic subtypes with two proteolytic enzymes widely used
in MS experiments, trypsin and endoproteinase Glu-C (Glu-C). We identified 53 unique
peptides with less than 25 residues and a monoisotopic mass above 600 Da (Table S6). The
higher number of unique peptides, 15, was found in H1X, the more divergent subtype. The
lower number of candidates, four peptides, was obtained for H1.4, which shares a high
sequence identity with H1.2 and H1.3. Then, we analyzed the empirical suitability score
(ESS) derived from the Peptide Atlas database, which represents a ranking of how suitable
the peptide is as a reference or proteotypic peptide and the total number of observations in
the current build of the database. Peptides with high ESS values (ESS > 0.85) belonged to
H1.0, H1.5, and H1X. Peptides derived from the four remaining subtypes had ESS below
0.5. The ESS score includes penalties if the peptides have undesirable residues that impact
a peptide’s suitability for targeting in PRM experiments, like the methionine residue in the
highest-ranking peptide of H1.0 [31].

Following the in silico analysis, we performed untargeted MS/MS experiments using
a control sample containing all somatic H1 subtypes (Table S6). This sample was a mixture
of perchloric acid extractions of three cell lines, HeLa, K652, and T47D, digested with
the selected enzymes. We analyzed whether the peptide could be detected in the control
sample, allowing us to discard approximately 20 from the initial 53 candidates, mainly
corresponding to peptides with less than nine residues. We also checked the presence of
the most frequent PTMs found in H1, phosphorylation, methylation, and acetylation. In
most peptides, no PTMs were detected, while those containing the N-terminal residue were
always modified. Some miscleavaged peptides were detected, particularly with Glu-C, so
the digestion conditions were optimized as described in Materials and Methods. Some
tryptic peptides of the RD subtypes H1.1-H1.4 with miscleavages were selected for further
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analysis because they were the only species detected or their presence was much higher
(>90%) than the complete digestion product (Table S6). Considering these data, three
peptides per subtype, except for H1.2 (two peptides), were synthesized containing heavy
isotopes (Figure 1B; Table S7).

Several parameters were evaluated using the isotopically labeled peptides before
selecting the quantification peptides: linearity between peptide concentration and peak
area, MS/MS fragmentation pattern, and the shape of the extracted ion chromatogram
(XIC) (Figures S1 and S2, and Table S7). All tryptic peptides of H1.2-H1.4 were discarded
because of the low r? in the calibration curves, and the broad shape of the peaks was not
suitable for accurate quantification. Therefore, quantification of these subtypes was carried
out using Glu-C peptides derived from the N-terminal domain but not containing the N-
terminal residues (Figure 1). Selected peptides for H1.2 and H1.4 have identical amino acid
composition and mass, but they could be easily distinguished in PRM by their retention
time and product ions (Figure S2). For the rest of the subtypes, the peptide with the highest
ESS was selected for quantification (Figure 1B; Table S6). In the case of H1.0, the selected
peptide contained a methionine residue, which is not optimal as a proteotypic peptide
because it can be oxidized [30]. However, the rest of the H1.0 peptides had miscleavages
or low detectability, so we decided to select this peptide and correct the quantification,
considering both the oxidized and non-oxidized peptides.

We performed new calibration curves of the selected peptides with the control sample
as a matrix. In these conditions, the calibration curves displayed a high degree of linearity
with adjusted 2 > 0.98, and the limits of detection (LOD) and quantification (LOQ) were
calculated (Table 2; Figure S3) [32]. During the PRM setup, we used perchloric acid
extraction because it increased the amount of H1 peptides in the sample, so we verified
that the proportions of the different subtypes were in agreement with those obtained using
a total protein extract (Figure 54, Table S8).

Table 2. Peptides used in the parallel reaction monitoring (PRM) assay development.

Number of Number of . " LOD (ng/u LOQ (ng/u
Subtype Candidates Heavy Peptides Peptide Sequence Position Extragt) ® Extra;g/t) ®
H1.0 7 3 YSDMIVAAIQAEK 28-40 0.055 0.168
H1.1 7 3 KKPAGPSVSELIVQAASSSK 37-55 0.037 0.111
H1.2 6 2 TAPAAPAAAPPAE 4-16 0.026 0.08
H1.3 6 3 TAPLAPTIPAPAE 4-16 0.02 0.06
H1.4 4 3 TAPAAPAAPAPAE 4-16 0.032 0.098
H1.5 8 3 ATGPPVSELITK 38-49 0.046 0.14
H1X 15 3 ALVONDTLLQVK 95-106 0.027 0.066

LOD: Limit of detection. LOQ: Limit of quantification

3.2. Quantification of H1 Subtypes in Human Cell Lines by PRM

To evaluate our PRM assay performance in the quantification of H1 complement, we
used three human cell lines: HeLa, K562, and T47D, with different subtype compositions.
Using the limits of quantification calculated with the pool of three cell lines, we quantified
six subtypes in HeLa, five in K562, and six in T47D (Table S9, Figures 2A and 3A). All
subtypes, except H1.3, could be quantified in HeLa. H1.0 and H1X were present in low
amounts, while H1.4 and H1.5 were the more abundant subtypes. In K562, five subtypes
were quantified, H1.2-H1.5, and H1X. The most abundant subtype was H1.2, followed
by H1.4. All subtypes, except H1.1, were quantified in T47D. In this cell line, the most
abundant subtype was H1.5. Triplicates showed variation coefficients lower than 15%,
indicating the reproducibility of the PRM measurements.
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Figure 2. Quantification of the H1 complement in human cell lines. (A) Composition of H1 comple-
ment in HeLa, K562, and T47D measured by PRM. Values correspond to the average of three replicates
and are expressed as a percentage of the total H1 content. (B) SDS-PAGE profile of perchloric acid
extractions of HeLa, K562, and T47D. On the right is the expected subtype composition of each
band. (C) Quantification of the bands observed in perchloric acid extractions compared to the values
obtained using PRM results. Error bars correspond to the standard deviation of three replicates. The
differences between the PRM and SDS results were analyzed as described in Materials and Methods.
n.s. not significant. *** Benjamini-Hochberg adjusted p-value < 0.001.

To address the variability of the H1 complement, we analyzed three biological repli-
cates of T47D cells (Table S10, Figure S5). We selected this cell line because it expresses
six of the seven somatic subtypes. The samples were prepared at different times using
asynchronous cells. The variation coefficients in the PRM measurements increased up
to approximately 30%. However, the averaged percentages of the individual subtypes
considering the biological and technical replicates were similar, suggesting that the H1
complement is mostly conserved within this cell line. The increased variability can be
explained, at least in part, by slight variations in the proportions of the phases of the cell
cycle, which can modify the ratio between the RD and RI subtypes. These results showed
that our PRM assay is suitable for detecting small changes in the H1 complement.

Perchloric acid extraction followed by denaturing polyacrylamide gel electrophoresis
allowed us to visualize the H1 complement separated into three bands (Figure 2B). The
band with higher molecular weight contains three subtypes, H1.3-H15, while the band
with intermediate molecular weight contains H1.2 and, when present, H1.1. The band
with lower molecular weight, which is not always detectable, corresponds to H1.0. The
subtype H1X is present in low proportions and must be detected by other techniques, such
as Western blot. We used the proportions of H1 subtypes obtained by PRM to estimate the
percentage of H1 expected in each band of the perchloric extraction for the three cell lines.
Statistical comparison of the estimated proportions of H1 subtypes by PRM quantification
with those obtained experimentally from SDS-PAGE resulted in no significant differences,
except for H1.0. In the latter case, the discrepancy could be explained by the insufficient
staining of low-abundance protein bands. As expected, the variability of the SDS-PAGE
estimates was higher than that of PRM values (Figure 2C).
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To further evaluate the PRM results, we compared the PRM data of the individual
subtypes with Western blot from sulfuric and total protein extractions (Figure 3). The
detection of H1 subtypes by Western blot is specific; however, the limit of detection depends
on the antibody performance. For instance, H1X was readily detected by Western blot
despite being one of the less abundant subtypes. On the other hand, H1.1 is present in
significant proportions in HeLa, but it was not detected by Western blot. Overall, Western
blot results using both types of extracts agreed with the quantitative profile obtained by
PRM, indicating the accuracy of the assay.
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Figure 3. Abundance of individual H1 subtypes in three human cell lines, HeLa, T47D, and K562.
(A) quantification of H1 subtypes by PRM. (B,C) analysis of H1 subtypes by Western blot of sulfuric
acid (B) and total protein (C) extracts. Error bars represent the standard deviation of the triplicates.
Histone H3 and tubulin were used as loading controls for acid and total extracts, respectively.

3.3. Quantification of H1 Subtypes from Human Samples

One of the main objectives of our study is to develop an absolute quantitative assay
capable of evaluating the potential of H1 subtypes as biomarkers in disease using biological
samples. As a proof of concept, we analyzed the H1 complement in the peripheral blood of
healthy individuals and chronic myeloid leukemia patients. Due to the limited amount
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of protein samples available, the quantification was performed using one point of the
calibration curve per sample. Peaks for quantification were manually validated. We
scanned the MS1 spectra and detected the presence of miscleavaged peptides of several H1
subtypes, so we used an external calibration curve using the light synthetic miscleavaged
peptides to correct quantification results (Table S11). External calibration curves were not
acquired on the same day as the samples.

We analyzed peripheral blood samples of healthy individuals with normal proportions
of nucleated cell populations in white blood cells by PRM (Figure 4A). Quantification of
H1 subtypes showed a similar amount of total H1 per mL of sample (Table S12). The
composition of the H1 complement was also alike in the three individuals tested. The more
abundant subtypes were H1.4 and H1.5, followed by H1.0 and H1.3. Subtypes H1.1, H1.2,
and H1X were present in small amounts, representing between 1.5 and 5% of the total
H1 (Figure 4B). However, the exact proportion of each subtype showed some variability

among individuals.
100
80
60
40
= = N
c1 c2 c3

A B
60

20

Composition of H1 complement (%)

Composition of white blood cells (%)
- N w H wv
o o © &6 ©o o
< R
2,
% I

‘_,o MH1.0®wH11wH12 H13mH14mH1S5 mHI1X

Figure 4. Analysis of peripheral blood samples of healthy individuals. (A) Percentages of the
different nucleated cell populations present in peripheral blood. The values showed the average of
the three healthy individuals included in the study. Error bars correspond to the standard deviation.
(B) Composition of the H1 complement quantified by PRM in each healthy control sample (C1, C2,
and C3).

We also quantified H1 subtypes from peripheral blood cells of eight patients diagnosed
with chronic myeloid leukemia. The ages of the patients ranged from 35 to 75 years, and
most of them belonged to the low-risk category. The small cohort included six patients who
responded to therapy with imatinib and two who did not (Table S513). We addressed two
objectives. First, to study if one or several H1 subtypes could contribute to the resistance
to TKL Second, to explore whether H1 subtypes could aid in predicting the response to
tyrosine kinase inhibitors (TKIs).

The complement of H1 showed high variability among patients (Figure 5A, Table S14).
In six patients, only one subtype, H1.0 in two and H1.5 in four, accounted for more than
50% of the total H1. Meanwhile, the other two patients had a more heterogeneous H1
complement. Subtype H1.2 was quantified in only one patient. We analyzed if the non-
responder patients had similarities in the proportions of some H1 subtypes. We found by
clustering analysis that subtypes H1.0, H1.1, and H1X grouped non-responder patients
in a tight cluster, characterized by lower proportions of these three subtypes than most
responders to TKIs (Figure 5B). Principal component analysis confirmed the clustering
results, grouping non-responders together (Figure 5C). These results suggest that one or
more H1 subtypes may be involved in imatinib resistance.
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Figure 5. Analysis of H1 complement in CML patients by PRM. (A) Composition of the H1 com-
plement quantified by PRM in CML patients. (B) Heatmap of the proportions of H1.0, H1.1, and
H1X in CML patients obtained by hierarchical clustering based on correlation distances with average
linkage. (C) Principal component analysis (PCA) of the data used for hierarchical clustering. The
colors correspond to those assigned to the different clusters in panel B. In parenthesis, the percentage
of variation is explained by each component. (D) ROC curve evaluating the accuracy of the total H1
levels predicting imatinib response. R1-R6, responders to imatinib. NR1 and NR2, non-responder
patients. AUC, area under the curve.

We tested our hypothesis in K562, a model CML cell line, where H1-0 and HI-1 genes
are silent. Transfection of K562 cells with a plasmid containing the coding region of human
H1.0 resulted in the expression of this subtype as confirmed by RT-qPCR (Figure S5A).
No expression of H1-0 was detected in the untreated cells nor in those transfected with
the empty vector or treated with imatinib (Figure S6A). The expression of H1-0 in K562
cells caused a significant decrease in cell viability to approximately 62%, similar to the
treatment with 3 uM imatinib (~54%), while transfection of the empty vector did not
affect cell survival (Figure S6B). When H1-0 expression was combined with the imatinib
treatment, cell viability was about 32%, a value significantly lower than the obtained in each
condition separately. The results showed that the increase in the levels of H1-0 enhanced
imatinib response, supporting our previous conclusion about its putative in the resistance
to this drug.

The total H1 per mL was also variable among CML patients (Table S13). However,
we observed that the patients who did not respond to imatinib had higher values than
most responders. To analyze the performance of a diagnostic test with high statistical
reliability, the cohort must be large and balanced [33]. Our cohort of CML patients did not
meet these criteria. Nevertheless, as a prospective simulation, we analyzed the specificity,
sensitivity, and accuracy of the total H1 quantification to predict imatinib response. We
found that the total H1 levels predicted the response to therapy with a specificity of 0.833
and a sensitivity of 1, according to Youden’s index (J). The accuracy was evaluated using a
receiver operating characteristic (ROC) curve, obtaining an area under the curve (AUC) of
0.915, which confirmed that the measurement of H1 levels could predict imatinib response
(Figure 5D). We also calculated Matthew’s correlation coefficient (MCC), which has been
suggested alternatively to ROC curves as the standard binary classification metric for
scientific studies [28]. MCC value was 0.77, a value higher than the heuristic cut-off of
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0.5. Finally, we calculated the biserial rank correlation coefficient (BRCC), which is used
to correct the effect size in small cohorts [29]. The BRCC value of 0.88 was considered
significant for our cohort size and composition. These results, albeit preliminary, encourage
future research on the topic and their validation in an independent and larger cohort.

4. Discussion

Somatic cells can express up to seven different H1 subtypes, whose relative proportions
compose the H1 complement. Subtype composition can vary in physiological conditions
depending on several factors [4]. Changes in the proportions of most H1 subtypes have
also been associated with disease, in particular with cancer [6-20]. Therefore, studying
subtype composition may help to understand the functional role of individual H1s and their
contribution to disease development. We have developed an MS-based parallel reaction
monitoring assay using proteotypic peptides from all somatic H1 subtypes, suitable to
characterize H1 complement in physiological and pathological conditions. In PRM, several
proteins can be quantified together, decreasing experimental error. This approach has
been used successfully for the quantification of H2A and H2B variants [34]. The high
sequence identity between H1 subtypes made it necessary to use two different proteolytic
enzymes to generate unique peptides for each subtype. This procedure could result in
biased quantification due to the specific proteolysis efficiency of the two enzymes.

We evaluated the PRM assay by quantifying the H1 complement in three human cell
lines. The results were reproducible among replicates, with variation coefficients below
15%, and they agreed with the values estimated from SDS-PAGE data, considering the
expected composition of each band. The correspondence between SDS-PAGE and PRM
results points out that using two enzymes had little or no effect on the quantification results.
Moreover, the relative amounts in the three cell lines of individual subtypes analyzed by
Western blot confirmed PRM results. These results suggest that our PRM assay is accurate
and reproducible. In addition, PRM is highly sensitive and needs low protein amounts,
which makes it ideal for analyzing H1 in biological samples. The calculated limits of
quantification (LOQ) for acid extracts of human cell lines were below 0.17 ng, supporting
this conclusion.

Our PRM assay is suitable for biological research and for the validation of H1 subtypes
as biomarkers. PRM has the advantage of providing the relative quantification among
the different subtypes, thus characterizing the composition of the H1 complement. An
alternative to PRM is the label-free mass spectrometry-based quantification used for the
analysis of H1 subtypes in mouse tissues and breast cancer tissue sections [8]. In this
approach, all subtype-specific peptides were quantified, and the relative amounts of each
subtype among different samples can be determined. However, the proportions between
the different subtypes cannot be estimated accurately with proteomic indexes such as IBAQ
due to the high variability in the intensity per detected peptide [35]. Protein variability
increases as the numbers of detected peptides decrease, which could be a relevant issue
in H1 subtypes, where the number of subtype-specific peptides is low due to the high
sequence identity.

As a proof of concept, we characterized the H1 complement of circulating white blood
cells of healthy human subjects and CML patients. In healthy patients, the amount of
H1 per mL of sample was relatively similar, and the more abundant subtypes were H1.4
and H1.5. Individual differences were observed in the H1 complement, which could be
explained, at least in part, by the different cell type proportions in white blood cells.

We analyzed a small cohort of CML patients, with 20% of imatinib-resistant patients.
This percentage is consistent with the one reported for this disease [36,37]. We found that
those patients had a higher content of H1 per mL of sample. This parameter predicted the
response to imatinib with 83.3% specificity and an AUC of 0.917 in the ROC curve. These
results could be misleading and overly optimistic due to the limited number of subjects and
the presence of more negative (responders to imatinib) samples than positive ones (non-
responders) [33]. However, we calculated two additional parameters, Matthew’s correlation
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coefficient (MMC) and the biserial rank correlation coefficient (BRCC), which have been
described as more effective for the analysis of small and unbalanced cohorts [28,29]. The
statistical significance of the MMC and BRCC, with values of 0.77 and 0.88, respectively,
supported our conclusion that further research is needed to address the use of the H1
levels in predicting imatinib response. Moreover, the increase in the global content of H1
has already been associated with the tumor proliferation rate in prostate cancer, while in
glioblastoma, lower levels of H1 correlated with low survival rates [9,11].

Resistance to TKIs in CML is associated with different phenomena, including muta-
tions in the fusion protein BCR-ABL and several chromatin-related processes in which
H1 may be involved, such as DNA repair, genome instability, and epigenetic dysfunc-
tion [36,38—41]. The composition of the H1 complement could be relevant for resistance
development, so we analyzed the similarities in the proportions of specific subtypes be-
tween non-responders. Clustering and PCA analysis showed that the patients who did
not respond to imatinib, despite having higher H1 content, had lower relative proportions
of H1.0, H1.1, and H1X. Transient expression of H1.0 in K562, a model CML cell line,
combined with imatinib significantly decreased cell survival, suggesting that the loss of
expression of this subtype may contribute in some cases to the resistance to this drug.

Previous studies have associated changes in H1.0, H1.1, and H1X with cancer progres-
sion. In the case of H1.0, low levels have been associated with high proliferative activity
and a poor outcome in breast cancer [7,8]. A low expression of H1.0 has been observed in
cells with stem-like properties within tumors. These cells were characterized by long-term
proliferation and metastatic potential [38]. On the other hand, in ovarian cancer, H1.0 up-
regulation is associated with therapy resistance, disease recurrence, and poor survival [20].
Lower levels of H1.1 were present in prostate adenocarcinomas when compared with
healthy tissues. The role of this subtype in prostate tumorigenesis was associated with the
modulation of the Wnt signaling pathway [13]. Finally, increased expression of H1X has
been described as a favorable prognosis biomarker in astrocytic gliomas, while it was also
associated with neuroendocrine tumors [6,10].

Several studies link H1 subtypes to hematopoiesis and hematological malignancies,
supporting the possibility that they may contribute to imatinib resistance. Transcription
factors involved in hematopoiesis bind to the promoter of H1 genes, probably controlling
their expression, whereas the knock-down of different H1 subtypes altered neutrophil
differentiation [42,43]. Moreover, decreased expression of H1.3 is associated with a bad
prognosis in acute myeloid leukemia patients with mutations in NPM1, while mutations in
several RD subtypes are recurrent in B-cell lymphomas [16,44]. Our preliminary results
hint that the levels of H1 may contribute to predicting imatinib response, while several H1
subtypes may be associated with the resistance to this drug. Further studies are needed
to corroborate our findings in a larger cohort and to unveil the underlying molecular
mechanisms in the role of H1 in imatinib resistance.

5. Conclusions

We have designed a PRM assay for quantifying human H1 subtypes, suitable for
characterizing the H1 complement in physiological conditions and to evaluate their po-
tential as cancer biomarkers. Our PRM assay was validated using three cancer cell lines
showing high sensitivity, reproducibility, and specificity. We have used our PRM assay to
characterize the H1 complement of circulating white blood cells in healthy subjects and
CML patients. As proof of concept, we analyzed the association between the H1 content
and imatinib response, finding that the levels of histone H1 were higher in non-responders.
However, further studies and validation in a large and independent cohort are needed
to evaluate the potential of H1 levels in predicting imatinib response in CML. We also
found that the H1 complement of non-responders is characterized by lower proportions of
H1.0, H1.1, and H1X, suggesting that the absence of these subtypes may contribute to the
development of TKI resistance.
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