The transcriptome of acute dehydration in myeloid leukemic cells

ABSTRACT

Human myeloid leukemia cells (HL-60/S4) exposed to hyperosmotic stress with sucrose
undergo dehydration and cell shrinkage. Interphase chromatin and mitotic chromo-
somes congeal, exhibiting altered phase separation (demixing) of chromatin proteins. To in-
vestigate changes in the transcriptome, we exposed HL-60/S4 cells to hyperosmotic sucrose
stress (~600 milliOsmolar) for 30 and 60 minutes. We employed RNA-Seq of polyA mRNA
to identify genes with increased or decreased transcript levels relative to untreated control
cells (i.e., differential gene expression). These genes were examined for over-representation
of Gene Ontology (GO) terms. In stressed cells, multiple GO terms associated with tran-
scription, translation, mitochondrial function and proteosome activity, as well as “replica-
tion-dependent histones”, were over-represented among genes with increased transcript lev-
els; whereas, genes with decreased transcript levels were over-represented with transcription
repressors. The transcriptome profiles of hyperosmotically-stressed cells suggest acquisition
of cellular rebuilding, a futile homeostatic response, as these cells are ultimately doomed to
a dehydrated death.

INTRODUCTION

In a beautiful and convincing study of buffer conditions used for the isolation
of mammalian interphase nuclei [1], the authors demonstrated that employing
uncharged, inert, water-soluble polymers in the nuclear isolation buffer pre-
served ultrastructure and transcription capability. The polymers cannot traverse
an intact nuclear envelope; they simulate the cytoplasmic iso-osmotic pressure
on the nucleus. Normal cells in our body are frequently exposed to hyperos-
motic stress conditions [2]. These are generally brief challenges of resilient cell
systems. More serious consequences can occur during tissue inflammation and
various diseases [2]. There has been considerable exploration of the adaptation
of renal (kidney) cells to hyperosmotic stress. However, evidence suggests that
other tissues respond differently [3] and there is a need to develop convenient
reproducible models using other cell types. The influence of growth medium
osmolarity upon in vivo mammalian tissue culture cell nuclear structure has been
explored for several decades. Despite the variation of cell types studied, there
is a consensus that acute hyperosmotic stress (e.g., >300 milliOsmolar [mOsM],
total) produces rapid cell volume shrinkage and heterogeneity of nuclear chro-
matin condensation [4-8]. In our previous study [8], we exposed live human leu-
kemic HL-60/54 cells to 300 mM sucrose in growth medium (i.e., ~600 mOsM,
total) for 30 and 60 minutes, producing acute dehydration and cell shrinkage.
Employing microscopy, we observed interphase and mitotic chromatin con-
densation (denoted by us: “congelation” **). The effect on interphase nuclear
chromatin can be clearly seen employing DAPI staining of DNA combined with
STED imaging (Fig. 1): the dispersed “fine” interphase nuclear chromatin fibers
(in the absence of sucrose) “congeal” into thicker strands during hyperosmotic
stress. Combined with immunofluorescent staining microscopy, we document-
ed apparent phase separation with loss of colocalization (possible “demixing”)
of various chromatin-associated proteins resulting from the acute hyperosmotic
stress [8]. In the present study, we do not focus on long-term incubation (i.e., >1
hour) of HL-60/54 cells in 300 mM sucrose, since the cells appear to deteriorate
and die after several hours in these dehydrating conditions. In this regard, HL-
60/54 cells appear to differ from some other cell types that can adapt to ongoing
hyperosmotic stress [9,10].

Two central questions of the present study are: 1) How is the polyA mRNA
transcriptome of cells exposed to acute hyperosmotic stress altered, in compar-
ison to unstressed cells? 2) How can this altered transcriptome be interpreted

**Footnote: The chromatin description “Congelation” was first employed in [8]. This chosen description is
intended to distinguish hyperosmotic stress chromatin condensation from normal heterochromatin or mitotic
chromosome condensation.

Postepy Biochemii 70 (1) 2024

David B. Mark Welch?,
Travis J. Gould?,

Ada L. Olins3,

Donald E. Olins**

'Josephine Bay Paul Center for Comparative
Molecular Biology and Evolution, Marine Bio-
logical Laboratory, Woods Hole MA, USA
*Department of Physics & Astronomy, Bates
College, Lewiston, ME, USA

*MaineHealth Institute for Research (MHIR),
Scarborough, ME USA

https://doi.org/10.18388/pb.2021_507

*Corresponding Author: donaldolins@gmail.
com

DEDICATION

This article is dedicated to the memory of
Ronald Hancock, who's excellent studies on
“nuclear crowding” inspired the authors to
explore the effects of hyperosmotic stress on
nuclear chromatin structure and mRNA tran-
scription. Ron was a fine scientist and a gener-
ous human being. We would have liked to hear
his reaction to this study.

Keywords: Cellular dehydration, RNA poly-
merase, Ribosomal proteins, Mitochondrial
Function, Histones

Abbreviations: DGE - differential gene ex-
pression; ORA - over-representation-analysis;
GO - gene ontology; HGCN - HUGO Gene
Nomenclature Committee

41


mailto:donaldolins@gmail.com
mailto:donaldolins@gmail.com

Table 1. Number of genes with significant changes in relative transcript levels for HL-60/54 differentiation states [13] and for 30- and 60-minute exposure times to 300
mM sucrose (present study).

Differentiation Sucrose

DGE RA % TPA % 30 min % 60 min %
Increased 4,249 26.2 5,156 31.2 3,128 18.4 3,231 20.3
Decreased 3,900 241 4,528 27.4 2,746 20.9 2,962 222
Unchanged 8,040 49.7 6,842 414 9,073 60.6 8,371 57.5
Total 16,189 16,526 14,947 14,564

Control 15,998 15,615

Column titles: DGE, Differential Gene Expression; RA, 4 days of retinoic acid differentiation to granulocyte form; TPA, 4 days
of phorbol ester differentiation to macrophage form; 30 and 60 min, exposure time in medium+300 mM sucrose. “Control” is the
total number of genes mapped under control conditions. “%” is the percentage of the appropriate “Total” for the specific cell
condition. For a complete list of all analyzed 25,351 genes, see Table S1 at https://postepybiochemii.ptbioch.edu.pl/index.php/PB/.

to understand changes in the stressed cell physiological
state? Two prior studies have been published toward this
end; both employed microarray analyses of several hun-
dred genes [11,12]. Because these studies employed a differ-
ent analysis method and examined different cell types than
to the present study, a direct comparison is difficult. In the
present study, we compared the transcriptomes of acute (i.e.,
30 and 60 min.) hyperosmotically-stressed undifferentiated
HL-60/54 cells to that of unstressed (control) cells. HL-60/
54 cells are derived from a human myeloid leukemia that
preserves the ability to differentiate in vitro into stable cell
states [13,14]. We employed a standard RNA-Seq approach
using polyA mRNA isolated from biological replicates of
stressed and unstressed cells, and mapped reads back to the
human genome as a proxy for the equilibrium mRNA tran-
script level of each gene at the time of sampling. Differential
gene expression (DGE) analysis of ~16,000 genes revealed
statistically significant increases or decreases in transcript
levels compared to control (unstressed) transcript levels.
We then employed over-representation-analysis (ORA) to
identify gene ontology (GO) terms enriched in genes with
increased or decreased transcript levels. The resulting pro-
files of GO terms permit us to speculate on the probable
physiological functions that are affected in the stressed cells
(i.e., the altered cell physiological state).

RESULTS

OVERALL VIEW OF ACUTE HYPEROSMOTIC STRESS
EFFECTS ON THE mRNA TRANSCRIPTOME

Despite the considerable extent of interphase chromatin
congelation at 30 and 60 minutes of hyperosmotic sucrose
treatment, the relative transcript levels are essentially un-
changed for most (~60%) genes (Table 1 “Sucrose”). After
30 minutes of exposure, transcript levels are significantly
increased for 3128 genes and significantly decreased for
2746. This change in transcript levels continues with ongoing
exposure to sucrose: between 30 and 60 minutes the number
of genes with significantly increased or decreased transcript
levels changed by 103 and 215 genes, respectively. See Ta-
ble S1, at https://postepybiochemii.ptbioch.edu.pl/index.
php/PB/ for EBseq normalized mean counts and PPDE
(statistical significance) values for each gene at a pairwise
comparison of conditions. The implication of these results is
that most of the transcriptome changes occurred within the
initial 30 minutes. It is of interest to compare these hyper-
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osmotic stress transcriptome changes to the transcriptome
changes of chemically induced differentiation in HL-60/54
cells; i.e., 4 days with retinoic acid (RA) into granulocytes
or 4 days with phorbol ester (TPA) into macrophage [13].
The differentiated cell states only exhibited a slightly great-
er change in relative transcript levels (Table 1 “Differentia-
tion”). Observing cell differentiation in the microscope indi-
cated that during the 4 day induction period visible cellular
phenotypes exhibited considerable morphological changes
(Fig. 1 of [14] and Fig. 5 of [13]). It is important to point-out
that the cells tested by hyperosmotic stress (this study) were
undifferentiated. A lower percentage of genes remained
unchanged after 4 days of differentiation, compared to the
percentage of unchanged genes after 30 and 60 minutes of
hyperosmotic sucrose stress.

We performed over-representation-analysis (ORA) of
genes with increased and decreased transcript levels us-
ing each of the three GO non-redundant annotations (i.e.,
Biological Processes, Cellular Component and Molecu-
lar Function). Analysis of genes with increased transcript
levels (upregulation) revealed GO terms associated with
transcription and translation, mitochondrial structure and
function, and protein stress (Table 2; also, see Tables S2, S3
and 5S4 at https:/ /postepybiochemii.ptbioch.edu.pl/index.
php/PB/ for complete ORA results with GO term identi-
fiers, enrichment, and significance). The most enriched GO

300 mM Sucrose

0 mM sucrose

Figure 1. Effect of acute hyperosmotic stress upon interphase nuclear DNA di-
stribution. STED microscopy images of undifferentiated HL-60/54 cells after fixa-
tion, permeabilization and staining for DNA with DAPI. (Left Panel) Control cell
nucleus, untreated in tissue culture medium. (Right Panel) Cell nucleus in tissue
culture medium plus 300 mM sucrose for 30 minutes (~600 mOsM). Magnifica-
tion bar: 10 pm. Similar images can be found in Fig. 4 [8].
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Table 2. Summary of GO terms from each functional domain which is enriched in genes with increased relative transcript levels in response to acute hyperosmotic stress,

exposed for 0-30 min, 0-60 min and 30-60 min intervals.

GO terms associated with transcription and translation

Biological Process 30 60  30-60 Cellular Component Molecular Function 30 60  30-60
MRNA processing spliceosomal complex catalytic activity, acting on RNA =
ribonucleoprotein coplex biogenesis . Sm-like protein family complex mRNA binding .
ncRNA procsessing = small nucleolar ribonucleoprotein complex snoRNA binding e E
RNA splicing ribosome structural constituent of ribosome
RNA catabolic process . preribosome rRNA binding
ribonucleoprotein complex subunit organization . polysome translation factor activity, RNA binding .

RNA localization nucleolar part

unfolded protein binding

rRNA metabolic process riboucleoproetin complex binding -
tRNA metabolic process tRNA binding = E
translational initiation NF-kappaB binding o =
cytoplasmic translation
translational elongation
GO terms associated with mitochondrial structure and function

Biological Process 30 60  30-60 Cellular Component 30-60 Molecular Function 30 60  30-60
protein targeting ° mitochondrial matrix ° oxidoreductase activity, acting on NAD(P)H °
nucleosid bolic process = mitochondrial inner membrane e electron transfer activity
establishment of protein localization to membrane . mitochondrial protein complex . oxidoreductase activity,
nucleoside triphosphate metabolic process - oxidoreductase complex . acting on a heme group of donors
mitochondrial gene expression . respiratory chain .
ribonucleotide metabolic process . NADH dehydrogenase complex .
mitochondrial respiratory chain complex assembly = organelle envelope lumen -
NADH dehydrogenase complex assembly . vesicle lumen .
generation of precursor metabolites and energy . cytochrome complex .
cytochrome complex assembly
mitochondrial transport .
GO terms associated with stress, proteosome, repair

Biological Process 30 60  30-60 Cellular Component 30 60  30-60 Molecular Function 30 60  30-60
protein folding o El - peptidase complex — threonine peptidase activity
DNA damage response, detection of DNA damage . - . chaperone complex . . chaperone binding . .
nucleotide-excision repair o e = primary lysosome - = unfolded protein binding g =
proteasomal protein catabolic process . - . microbody . heat shock protein binding . .
protein-containing complex disassembly . oxidoreductase activity, . .
RNA catabolic process - acting on a sulfur group of donors
peroxisomal transport - -
response to topologically incorrect protein . . « Significant using all genes with increased transcript levels -Significant using genes with > 2-fold increse in transcript levels

Color coding: light green, enriched among genes with increased transcript levels, where log2FC>0; dark green, enriched among genes with increased transcript levels,
where 1og2FC>1 (i.e., at least a doubling compared to control levels). See Tables 52, S3 and S4 at https:/ / postepybiochemii.ptbioch.edu.pl/index.php/PB/ for complete
GO data in the three annotations (S2 Biological Processes; S3 Cellular Component; S4 Molecular Function). These three Supporting Tables document the number of genes in
each GO term that are upregulated and downregulated in 0-30 min, 0-60 min and 30-60 min intervals. For definitions of GO terms and lists of included genes, see http://

geneontology.org

terms were associated with mitochondrial structure and
function, which accounted for nearly 13% of all genes with
increased transcript levels. In contrast, analysis of genes
with decreased transcript levels yielded more diverse re-
sults, with GO terms reflecting a decrease in pathways in-
volved in transcription repression and heterochromatin for-
mation. Overall, these results suggest that the dehydrated
physiological state of the stressed HL-60/54 cells involves
attempts to accomplish transcription and translation, and to
increase mitochondrial oxidative phosphorylation, possibly
a “rebuilding” phenotype to contend with protein misfold-
ing and proteome degradation. Table 2 also shows the dif-
ferences between 30 and 60 minutes of GO terms, demon-
strating continued significant changes from 30 to 60 minutes
for some GO terms.

NUCLEAR DISTRIBUTION OF “ACTIVATED”
RNA POLYMERASE II

Observing the structural transition of dehydrated in-
terphase nuclear chromatin (Fig. 1), we wondered how
the spatial distribution of “activated” RNA Polymerase II
(phosphorylated RNA Pol II) would be affected by hyper-
osmotic stress, relative to its distribution in untreated cells.
Figure 2 displays confocal immunostaining images of an-
ti-phosphorylated RNA Pol 1II, in relation to DAPI stained
interphase nuclear chromatin (300 mM sucrose for 30 min-
utes). These images clearly indicate that “activated” RNA
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Pol II persists within the interphase nuclei of hyperosmot-
ically stressed cells. However, there is an apparent redis-
tribution of “activated” Pol II staining to locations near the
surface of congealed chromatin and within spaces between
congealed chromatin.

SELECTED EXAMPLES OF THE TRANSCRIPTOME DATA

Given the extent and depth of the mRNA transcriptome
data, we have chosen to discuss only a few prominent
stress-upregulated cellular functions. These data are pre-
sented in two types of graphs: 1) “Bar graphs”, showing the
change in relative transcript levels (“Log2FC”, log, of the
ratio of transcript levels) of genes representative for specif-
ic GO terms or other summaries of biological function. 2)
“MA plots”, illustrating the relationship between Log2FC
and mean transcript level for a population of related genes.
In all cases, the transcriptome data is based upon all over-
lapping transcripts from a common promoter, rather than
splice variants (i.e., entire genes rather than isoforms).

I. Transcription

The structure and function of eukaryotic RNA poly-
merases has been recently reviewed [17]. The three RNA
polymerases (i.e., Pol I, Pol II, and Pol III, which synthe-
size primarily ribosomal RNA, protein coding mRNA, and
tRNA, respectively) possess both specific and common pro-
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pPol Il PL2-6 DAPI

0 mM Sucrose 300mM Sucrose

Figure 2. Effect of hyperosmotic stress upon interphase distribution of “activa-
ted” phosphorylated RNA Polymerase II. Confocal images of undifferentiated
HL-60/54 cells after formaldehyde fixation (+300 mM sucrose), permeabilization
and immunostaining. (Left Column) Control cells, untreated with sucrose in tis-
sue culture medium. Note the absence of “activated” RNA Polymerase within
mitotic chromosomes (yellow arrowhead), but presence within interphase nuc-
lei. (Right Column) Interphase cell nuclei in tissue culture medium containing
300 mM sucrose (~600 mOsM) for 30 minutes prior to fixation. Staining: pPol II,
phosphorylated (activated) RNA Polymerase II (green); PL2-6, anti-epichromatin,
i.e,, exposed nucleosome acidic patches at the surface of interphase chromatin
(red), see references [8,15,16]; DAPI, DNA (blue). Magnification bar for all ima-
ges: 10 pm.

tein subunits. Our transcriptome data indicates that multi-
ple subunits for each polymerase, including all of the com-
mon subunit genes increase their relative transcript levels
during acute sucrose stress (Fig. 3 and Table S5 at https://
postepybiochemii.ptbioch.edu.pl/index.php/PB/). Com-
bined with Fig. 2, which establishes the persistence of “acti-
vated” RNA Pol II in osmotically stressed cells and Table 2,
which demonstrates that relative transcript levels of many
genes increase between 30 and 60 minutes, our data sup-
ports the hypothesis that RNA polymerase activity contin-
ues (perhaps more slowly) during acute hyperosmotic con-
ditions.

II. Translation

The GO term “ribosome” (GO:0005840) includes proteins
involved in ribosome assembly/disassembly, localization
and binding, as well as cytosolic and mitochondrial ribo-
some structure. Of the 205 mapped genes in this term, 86%
have significantly increased transcript levels after 30 min-
utes of exposure to sucrose (Fig. 4a). Among the 10 genes
with significantly decreased transcript levels are EIF2AK?2,
EIF2AK3, and EIF2AK4, which are kinases that phosphory-
late translation initiation factor EIF2A to inhibit translation.
Downregulation of these genes is consistent with increased
translation. Transcript levels of all of the genes encoding the
structural proteins of the cytosolic ribosome [18] increase by
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Figure 3. Relative transcript levels of RNA Pol I, I and III protein subunit genes
in HL-60/54 cells exposed to tissue culture medium (+300 mM sucrose) for 30
and 60 minutes. Polymerase-specific subunit transcripts are displayed in indi-
vidual panels, with shared subunit transcripts in a separate panel. See Table S5
at https:/ /postepybiochemii.ptbioch.edu.pl/index.php/PB/ for complete data.
Y-axis: Log2FC, log, of the ratio of transcript levels between the hyperosmotic
stress and control conditions. Open bars signify that the change in transcript le-
vel is not significant (PPDE<0.95). Solid bars signify that the change in transcript
level is significant (PPDE>0.95). Sucrose exposure times: 30 min (blue); 60 min
(red). HGNC Gene codes are displayed above the relative transcript level bars.

a factor of about 2.5x and 3.3x after 30 and 60 minutes of ex-
posure, respectively (Fig. 4b). In addition, of the 271 mapped
genes in the term “ribosome biogenesis” (GO:0042254), 62%
have significantly increased transcript levels after 30 min-
utes of exposure to sucrose (Fig. 4c). Given that it takes
only a few minutes to translate the average-size protein [19,
20], we would expect that the cellular physiological state is
changing continuously during the hyperosmotic stress.

III. Mitochondria and Oxidative Phosphorylation

High concentrations of NaCl are known to cause depo-
larization of the mitochondrial membrane in a variety of
cell types [3]. In our earlier study on the effects of acute su-
crose stress upon undifferentiated HL-60/54 cells [8], we
determined that the mitochondrial membrane polarization
is essentially normal for up to 1 hour of stress. Table 2 in-
dicates that many GO terms associated with mitochondrial
structure and function are enriched in genes with increased
transcript levels, in cells exposed to sucrose (Fig. 5). These
results suggest that acutely stressed cells are attempting to
maintain ATP synthesis. It is of interest to note that desicca-
tion tolerant plants and algae are reported to increase nu-
clear transcription of ribosomal protein genes [21-26] and
mitochondrial protein genes [21,22], supporting a general-
ization of these responses in plants and animals.

IV. Proteasome Activity

The GO term “proteasomal protein catabolic process”
(GO:0010498) is enriched in both genes with increased

https:/ / postepybiochemii.ptbioch.edu.pl/
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Figure 4. Relative transcript levels of ribosomal protein genes. For all panels, a
dot represents one gene: a red dot indicates a significant change in transcript level
(PPDE>0.95); a grey dot indicates a non-significant change (PPDE<0.95). Genes
with 1og2FC values outside the range of the Y-axis are indicated by arrowheads.
Figure 4a MA plots of all mapped genes associated with GO term “Ribosome”
(GO:0005840) after 30 and 60 minutes of exposure to sucrose. The X-axis is the
mean transcript level of exposed and unexposed (control) conditions. The Y-axis
is 1og2FC of the ratio of transcript levels from exposed and unexposed (control)
conditions. Figure 4b Scatterplots of transcript levels of structural protein genes
of the cytosolic ribosome with linear regression lines demonstrating that despi-
te relative differences in transcript levels across genes, all genes increase trans-
cript levels by about 2.5x after 30 minutes and 3.3x after 60 minutes. Figure 4c
MA plots of all mapped genes associated with GO term “Ribosome Biogenesis”
(GO:0042254) after 30 and 60 minutes of exposure to sucrose.

and genes with decreased transcript levels (See Table S1
aat https://postepybiochemii.ptbioch.edu.pl/index.php/
PB/). Genes with increased transcript levels include near-
ly all those encoding the proteasome. In addition, ubiquitin
genes UBB, UBC, UBA52, and RSPS27A, as well as three E1
ubiquitin-activating enzymes, 13 E2 ubiquitin-conjugating
enzymes, and components of the APC/C and ECS E3 ubiq-
uitin ligase complexes have increased transcript levels. In
contrast, genes encoding nine other E2 ubiquitin-conjugat-
ing enzymes and components of HCET, U-box, Cullin-Rbx,
and single-RING finger E3 ubiquitin ligase complexes have
decreased transcript levels. Together these results suggest
an increase in proteasomal protein degradation mediated
by increases and decreases in specific ubiquitination path-
ways.

V. Replication-Dependent histone mRNA
After 30 minutes of acute exposure to sucrose only 2%
of genes have a log ,FC>1 increase in transcript levels; by

60 minutes of exposure this increases to 4.5%. Among those
transcript levels with a log FC>1 increase, 15% encode rep-
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Figure 5. Relative transcript levels of mitochondrial protein genes. All panels
show MA plots where the X-axis is the mean transcript level of exposed and
unexposed control conditions, and the Y-axis is 1og2FC of the ratio of transcript
levels from exposed and unexposed control conditions. Panels: Left, 30 minu-
tes of exposure; Right, 60 minutes. Each dot represents one gene: red indicates a
significant change in transcript level (PPDE >0.95); grey indicates a non-signifi-
cant change (PPDE<0.95). (Panel a) Of the 230 genes in the Mitochondrial Protein
Complex, 80% exhibit significantly increased relative transcript levels after 30 or
60 minutes of exposure. (Panel b) Of the 60 mapped genes in the Respiratory Cha-
in Complex, 95% exhibit significantly increased relative transcript levels after 30
or 60 minutes of exposure. (Panel ¢) Of the 90 mapped genes in the Oxidoreducta-
se Complex, 70% exhibit significantly increased relative transcript levels after 30
or 60 minutes of exposure.

lication-dependent (RD) histone genes. In fact, all the major
classes of RD histones (H1, H2A, H2B, H3 and H4) showed
significantly increased transcript levels in hyperosmotical-
ly-stressed HL-60/54 cells (Fig. 6).

There are multiple copies (isoforms) for each of these his-
tone classes arranged in clusters [27], with the largest clus-
ter, HIST1, on chromosome 6 (6p21-6p22). A minor num-
ber of isoform copies are located on chromosome 1 in three
clusters (HIST2, HIST3 and HIST4); only HIST1 and HIST2
clusters are significantly expressed in our data. Figure 6 dis-
plays the significant (PPDE>0.95) increased levels of histone
class transcripts, combining RNA-seq reads for all isoforms
for each histone gene class from both clusters HIST1 and
HIST2. A complete listing of transcript level changes for the
histone gene isoforms is shown in Table S6 at https://po-
stepybiochemii.ptbioch.edu.pl/index.php/PB/.

The increase of RD histone transcript levels during hyper-
osmotic dehydration stress is surprising for two reasons: 1)
As previously determined by cell cycle analyses [8], during
this brief exposure to sucrose the % of cells in S phase was ef-
fectively unchanged (e.g., 0 min, 28.9%; 30 min, 29.9%; 60 min,
29.2%); 2) RD histone mRNAs normally have stem-loops, not
3’polyA tails [28,29]. Our method of mRNA purification se-
lects for mRNAs with polyA tails. Why are these stressed and
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Figure 6. Differential expression of poly A mRNA levels of the replication-depen-
dent (RD) histone gene classes following acute hyperosmotic stress. Only iso-
forms with statistically significant changes (PPDE>0.95) were included for each
gene class. Y-axis: Log2FC between the control and hyperosmotic stress condition
for all isoforms of each histone class after 30 (blue) and 60 minutes (red). At 30
minutes of sucrose exposure, no histone H4 isoforms exhibited significantly incre-
ased transcript levels; at 60 minutes, one H4 isoform was significantly increased.
See Table S6 at https:// postepybiochemii.ptbioch.edu.pl/index.php/PB/ for a
complete list of transcript level changes for the RD histone gene isoforms.

apparently quiescent cells showing an increase in RD histone
mRNA transcript levels? One plausible explanation is that
the histone locus body (HLB) is not functioning normally in
hyperosmotically stressed cells, allowing RD histone mRNA
with stem-loops to undergo a “default” conversion to 3'poly A
mRNA, resulting in an apparent increase in transcript levels.
The function of many of these HLB component proteins are
well understood [30-32]; for example, SLBP (Stem-Loop Bind-
ing Protein) is essential for stem-loop protection at all stages
of histone mRNA metabolism and NPAT (Nuclear Protein,
Coactivator of Histone Transcription) is a required scaffold
for HLB formation. Transcript levels of SLBP and NPAT are
significantly decreased during exposure to sucrose (see Table
S1 at https://postepybiochemii.ptbioch.edu.pl/index.php/
PB/), supporting the hypothesis that the HLBs are not struc-
turally or functionally normal. Immunostaining for NPAT
(Fig. 7) in cells fixed in sucrose and cells fixed in isosmotic
buffer indicates that: a) HLBs are maintained during hyper-
osmotic stress, but are stained more weakly during stress; b)
The number of HLBs per cell is lower in stressed cells. Un-
stressed (control) cells with functional HLBs convert only a
small percentage of RD histone stem-loop RNA to 3" polyA
mRNA (see Table S6 at https://postepybiochemii.ptbioch.
edu.pl/index.php/PB/, also [33]). This generates only trace
amounts of RNA-Seq reads mapping to RD histone genes,
compared to the stressed cells with presumptive “disabled”
HLBs. Furthermore, evidence has been published that slow
transcription (a conceivable consequence of hyperosmotic
stress) prevents formation and stabilization of the stem-loop,
leading to polyadenylation [32]. We suggest that the appar-
ent increase in RD histone transcripts during hyperosmotic
sucrose stress may represent a perturbation of the “normal”
low-level stem-loop to polyA conversion, due to resultant
changes in the composition and/ or functioning of HLBs.

VI. Reversing Chromatin Repression

Acute hyperosmotic stress appears to result in “relief”
from transcription repression, as genes with decreased tran-
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Figure 7. Immunostaining of NPAT (a major component of the HLB) before and
after acute hyperosmotic stress for 30 minutes. Figure 7a Micrographs of HL-60/
S4 cells stained with anti-NPAT (red dots) within interphase nuclei stained with
DAPI (cyan). Note that the mitotic chromosomes (yellow arrowheads) are not sta-
ined. Note that the NPAT “dots” appear to be generally smaller and weaker sta-
ined in 300 mM sucrose, compared to 0 mM sucrose. Figure 7b Measured fraction
of cells with discrete numbers of NPAT “dots” per cell in 0- or 300-mM sucrose.
The “Mode” values of HLBs per cell are: 0 mM sucrose, 4 HLB dots/cell (blue);
300 mM sucrose, 2 HLB dots/cell (red).

script levels are over-represented in two GO terms involved
in repression of transcription: “PcG (Polycomb Gene) Pro-
tein Complex” (GO:0031519), and “Transcription Repressor
Complex” (GO:0017053). The Polycomb Gene Protein Com-
plex includes three major groups, with complicated and
overlapping interactomes [34] involved in epigenetic re-
pression of transcription through histone modification. Key
components of complexes in each group have decreased
transcripts (Fig. S1 at https://postepybiochemii.ptbioch.
edu.pl/index.php/PB/); of the 52 mapped genes associat-
ed with the GO term “Transcription Repressor Complex”,
27 experience a significant decrease in transcript levels fol-
lowing 30 minutes (28 genes after 60 minutes) exposure to
sucrose. Collectively, these results suggest that transcrip-
tion repressor effects are weakened or eliminated, consis-
tent with the observed increase in transcript levels of many
“building” genes.

VII. Chromosome and chromatin structure

As documented in our earlier publication [8], protein
components of the cohesin complex (e.g.,, RAD21 and
CTCF) examined by immunostaining appear to separate
(demix) from chromatin following exposure to 300 mM su-
crose. This repositioning is expected to affect the structure
of TADs (“Topologically Associated Domains”, closed chro-
matin loops consisting of self-interacting genomic regions
[35, 36]), with possible effects upon gene expression. During
examination of the transcriptome changes in hyperosmotic
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Figure 8. Differential polyA mRNA levels of transcripts of chromatin structural protein genes following acute hyperosmotic stress. Y-axis: Log2FC between the control and
hyperosmotic stress condition at 30 (blue) and 60 minutes (red). HGNC gene code names are displayed above the relative transcript level bars. The HGNC Name and the
(Common Name) are presented here. 8a Cohesin: ESPL1 (Separase), NIPBL (Cohesin Loading Factor). 8b Condensin: SMC2 and SMC4 are subunits for both Condensin I
and II. 8¢ HMG and HP1: HMGN1 (HMG14), HMGN2 (HMG17), HMGB1 (HMG1), HMGB2 (HMG2), CBX5 (HP1a), CBX1 (HP1p), CBX3 (HP1y).

sucrose, we observed that many of the components of the
cohesin “ring” structure exhibit significantly decreased
transcript levels, relative to the transcriptome of unstressed
cells (Fig. 8a). This observation argues that regulation of
gene expression becomes increasingly aberrant during cell
dehydration.

Condensin I and II also build “ring” structures around
chromatin fibers [37,38]. Condensin I localizes on mitotic
chromosomes; condensin II appears to be more important
in organizing interphase chromatin. Loss of condensin can
also affect gene expression, as well as centromere architec-
ture. The actual consequences likely depend upon the chro-
matin context (e.g., whether the genes are active or inactive
and what other proteins are bound). The consequences of
changes in transcript levels in Condensin I or II to chroma-
tin structure, during acute hyperosmotic stress, are not clear
(Fig. 8b). Interphase and mitotic chromatin congelation [8]
may be related to changing levels of condensins, but there is
no evidence on this issue. SMC2 is a subunit component to
both Condensin I and II. Immunostaining with anti-SMC2
demonstrates that it is part of an “axis” along the midline
of mitotic chromosomes in normal isosmotic medium, but
appears excluded from congealed mitotic chromosomes in
300 mM sucrose (See Fig. 5i and 5j in [8]).

Exploring relative transcript levels of various well-stud-
ied chromatin binding proteins (e.g., HMG and HP1) also
indicates that their transcript levels change in response to
acute hyperosmotic stress in directions consistent with de-
creased constraints on RNA Pol II transcription (Fig. 8c).
Both groups of proteins can bind to nucleosomes and chro-
matin. To some extent, they have opposite functional con-
sequences: HMGN1 and HMGN2 colocalize with epigen-
etic marks of active chromatin and with cell-type specific
enhancers [39], counteracting H1 stabilization of chromatin
higher-order structure [40]. HP1 proteins interact with his-
tone tails and promote heterochromatin formation by phase
separation [41,42]. The simultaneous increase of HMGN
protein transcript levels with a decrease in HP1 protein
(CBX5) transcript levels argues for a relaxation of repression
of gene expression during acute hyperosmotic stress.

Discussion Hyperosmotic stress in the human body is
associated with inflammation and disease [2]. In addition,
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many healthy tissues (e.g., kidneys, liver, lymphoid tis-
sues, the cornea, gastrointestinal tract, intervertebral discs
and cartilage in joints) experience transient hyperosmotic
stress during normal functioning [2]. Blood cells circulating
around and through these tissues should also experience
acute osmotic changes. The renal (kidney) environment
experiences very significant osmotic stress. For example,
during the course of a normal night’s sleep (without water
intake) urine can concentrate up to ~4x iso-osmotic “plas-
ma” conditions [43]. Tissue-specific resilient responses al-
low cells to survive these osmotic stresses, but there have
been few studies of genome-wide changes in gene transcrip-
tion and, as far as we are aware, none involving sucrose and
leukocytes.

The purpose of the present study was to gain some un-
derstanding of how the genome of an in vivo human cell
responds to acute hyperosmotic (i.e., 30 and 60 minutes at
~600 milli-osmolar) stress. In our model cellular system,
we exposed rapidly-growing “undifferentiated” human
leukemic promyelocytes (HL-60/54) to acute hyperosmotic
stress (medium+300 mM sucrose, ~600 mOsM). These de-
hydrating conditions lead to rapid cell shrinkage, and in-
terphase and mitotic chromatin congelation with apparent
phase separation, including loss of colocalization (demix-
ing) of various chromatin-associated proteins [8]. The cells
remain alive and “healthy” for at least one hour, although
longer exposure results in cell death within about 24 hours.
Clearly complex biophysical changes are occurring within
the shrinking cells, the crowding nuclei, and in the chem-
ical environment surrounding nuclear chromatin [44]. We
employed mRNA transcriptome analysis as an indicator of
consequential genomic functional responses. Transcript lev-
els at any time during the hyperosmotic stress represent the
dynamic balance of mRNA transcription and degradation.
It is of present interest that the transcript levels of major
mRNA degradation factors and enzymes are significantly
reduced (e.g., log2FC approximately -1 or lower) during the
hyperosmotic stress: XRN1, the main mRNA 5'-3" exonucle-
ase; CNOT1, deadenylation; DCP2, decapping (See Table S1
at  https:/ /postepybiochemii.ptbioch.edu.pl/index.php/
PB/ for the log2FC values after 30 and 60 minutes of de-
hydration.) The specific changes in mRNA transcript lev-
els that we observe are difficult to explain in the face of an
“apparent” general decrease in mRNA degradation factors.
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Recent publications [45,46] address a complex “feedback”
mechanism between mRNA degradation and transcription.
Clearly, similar research approaches are needed in order to
understand the dehydration effects upon transcript levels in
the HL-60/54 cell system.

Acute hyperosmotically-stressed undifferentiated HL-
60/54 cells exhibited differentially increased transcript
levels for genes involved in transcription, translation, and
mitochondrial function, as if the cells are embarking upon
active growth. Increased transcript levels for proteosome
functions also occurs, suggesting accelerated protein turn-
over. Perhaps the most surprising observation was the in-
crease in transcript levels of replication-dependent (RD)
histones. This was unexpected because the RD histone tran-
scripts normally possess 3’stem-loops, rather than polyA
tracks (which was the basis for the mRNA purification).
Our speculation is that the histone locus body (HLB), which
protects the stem-loops during S-Phase, is not functioning
properly in the hyperosmotically-stressed cells. These pre-
sumptive “malfunctioning” HLBs may permit increased
conversion of the stem-loops to 3" polyA mRNA, producing
an apparent increase in RD histone transcripts.

Genes with decreased transcript levels were enriched in
various GO terms involved in repression of transcription:
e.g. (GO:0031519) “PcG (Polycomb Gene) Protein Com-
plex” and (GO:0017053) “Transcription Repressor Com-
plex”), which might indicate a more permissive condition
for mRNA synthesis (Fig. S1 at https:/ /postepybiochemii.
ptbioch.edu.pl/index.php/PB/). Other acute transcript lev-
el changes were seen in genes involved with 1) controlling
chromatin domain structure (e.g., cohesin and condensin);
2) relaxing transcription repression and destabilizing heter-
ochromatin (i.e., HMG and HP1 proteins).

Beyond the broad GO interpretations described above,
the stressed cell physiology cannot be described as a stable
state, especially in comparison to our previous analysis of
chemically induced HL-60/54 differentiation (for 4 days)
into granulocytes and macrophage [13]. In that situation,
the more stable phenotypic properties of the induced gran-
ulocyte and macrophage cell states were readily observed
(microscopically) and in reasonable agreement with the
corresponding transcriptome data. In contrast, the dehy-
drated HL-60/S4 transcriptome changes suggest (to us) a
cellular attempt to build and grow, in the face of inevitable
death. The future mode of cell death is not readily apparent
in the transcriptomes. Examination for evidence of oncom-
ing apoptosis is conflicting (e.g., transcript levels were sig-
nificantly decreased for both “pro-apoptotic” Initiator and
Effector caspases [CASP2 and CASP3] and for “anti-apop-
totic” BCL2). Autophagy and necrosis also did not provide
incriminating transcript changes. Nor is it evident that an
“early osmotic stress response” [47] is occurring following
the acute hyperosmotic stress. The relative transcript lev-
els for early osmotic response genes NFAT5 (TonEBP) and
SLC6A6 (TauT) both decrease sharply at 30 and 60 min. Im-
mediate-Early Genes (IEG), such as the canonical FOS, JUN
and MYC, can be transcribed in the first few minutes after
cellular stress, initiating a rapid cellular response [48]. How-
ever, Fig. S2 at https://postepybiochemii.ptbioch.edu.pl/
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index.php/PB/ illustrates that for a well-established set of
IEGs, the initial response of these genes is downregulation
(with low statistical significance) in HL-60/54 cells exposed
to hyperosmotic sucrose for 30 and 60 min. Our observation
is in contrast to an earlier study of isolated rat cardiomyo-
cytes, which exhibited an increase in EGR1 and FOS mRNA
following exposure to hyperosmotic conditions [49]. This
suggests that the induction of IEG transcription by hyperos-
motic stress may depend upon the type of cell.

One clue suggests that oxidative stress may play a role in
the eventual cell death following hyperosmotic shock. Ox-
idative stress can occur when mitochondria produce more
reactive oxygen species (ROS) than available antioxidant
defenses can mitigate, resulting in critical cell damage. The
transcript levels of many genes involved in glutathione- and
thioredoxin-based antioxidant defense are elevated at 30 and
60 minutes of hyperosmotic stress, suggesting that ROS are
increasing. In particular, the TXN2 product (thioredoxin 2)
protects against oxidative stress in mitochondria, inducing
cells to become insensitive to ROS-induced apoptosis [50].
If TXN2 transcript levels should decrease after 60 minutes
exposure, or if the total amount of thioredoxin 2 (and other
antioxidant proteins) are unable to compensate for the lev-
els of ROS produced by hyperosmotic stress, ROS-induced
apoptosis could be fatal [51].

Despite this lack of a complete understanding of the
physiological state of the hyperosmotically-stressed cells,
there is compelling evidence that the structure of chromatin
is profoundly altered. This is readily seen in the earlier im-
munostaining study [8], which indicated an apparent phase
separation and demixing of cohesin (RAD21) and conden-
sin (SMC2) components, CTCF, histones H1.2 and H1.5,
and non-histones HMGN2 and HMGB2. An independent
study [52] employing hypertonic NaCl (which is also hy-
perosmotic) on breast cancer T47D cells analyzed chromatin
changes using Hi-C and ChIP-seq (i.e., defining the DNA
sites of bound RNA Pol II, CTCF and RAD21). Hyperton-
ic stress resulted in a decrease in the number of TADs, a
weakening of TAD boundaries and major perturbations of
Compartments A and B (i.e., “euchromatin” and “heteroch-
romatin”, respectively). RNA Pol II became dislocated from
many transcription start sites (TSS) and appeared to run-off
transcription end sites (TES). In addition, CTCF and RAD21
were displaced from their normal binding sites, consistent
with our immunostained images [8]. Recent studies under-
score the importance of normal cohesin function to high-
er-order interphase nuclear architecture [53].

The concept of Liquid-Liquid Phase Separation (LLPS)
or “condensates”, where cellular macromolecules can be ei-
ther concentrated into microscopic phases or dissolved in
a cellular solution, depending upon their specific “critical
concentration for phase separation”, has become a major
biophysical perspective for interpreting non-membranous
cellular particles, including chromatin [54-59]. Accepting
that acute hyperosmotic stress with either NaCl [52] or su-
crose [8,60] produces profound structural changes of in vivo
chromatin (described as “altered” phase separation), we
argue that this perturbed chromatin may yield somewhat
disorganized transcriptomes and aberrant cell physiological

https:/ / postepybiochemii.ptbioch.edu.pl/


https://postepybiochemii.ptbioch.edu.pl/
https://postepybiochemii.ptbioch.edu.pl/index.php/PB/
https://postepybiochemii.ptbioch.edu.pl/index.php/PB/
https://postepybiochemii.ptbioch.edu.pl/index.php/PB/
https://postepybiochemii.ptbioch.edu.pl/index.php/PB/

states. We suggest that, during acute dehydration, conden-
sates may concentrate or disperse molecules in disordered
or nonfunctional ways, dictated by the changing biophysical
environment. Furthermore, we suggest that “unstressed”
chromatin regions normally possess biophysical microhet-
erogeneity of their “critical concentration for phase sepa-
ration”. Most likely, this biophysical microheterogeneity is
due to local differences in protein composition, post-trans-
lational modifications and physiologic state at the moments
prior to the acute hyperosmotic shock.

Disorganized gene expression can have rapid effects.
Transcription and translation of average size mRNA and
protein (e.g., 500 amino acids) takes ~1 minute for each pro-
cess [19,20]. The population of cellular proteins might ex-
hibit significant changes by 30 and 60 minutes of osmotic
stress. Decreases and/or displacement of chromatin struc-
tural proteins (e.g., components of cohesin and condensin)
during acute osmotic shock could produce disruption of
TADs [61], which may further exacerbate transcription dis-
order. From this perspective, we should not be surprised
that cell differentation, which follows evolutionary deter-
mined transcription programs in a “methodical” manner,
yields coordinated transcriptomal responses; whereas,
acute hyperosmotic stress and cell dehydration results in
transcriptomes that are less focused on specific phenotypes.
In the present study, the broad GO functions exhibiting rela-
tively increased transcript levels (e.g., transcription, transla-
tion and mitochondrial oxidative phosphorylation) suggest
that the “stressed” chromatin can still yield transcriptomes
with some functional coordination. We suggest that this hy-
perosmotic stress response provides a useful in vivo mod-
el for examining rapid nuclear and chromatin biophysical
changes (e.g., altered phase separation) that can influence
chromatin higher-order structure and the regulation of tran-
scription.

CONCLUSION

The induced physiological state of acute hyperosmoti-
cally stressed undifferentiated HL-60/54 cells resembles a
rapid “attempt” to rebuild the damaged cells by increasing
transcript levels of genes involved in transcription, transla-
tion, and energy production. The stressed cell physiologic
state is not as well defined as the chemically-induced differ-
entiated cell states of HL-60/54, designated “granulocytes”
and “macrophage” [13,14]. The suddenness of hyperosmot-
ic stress with resultant changes in solute concentrations
and macromolecular crowding, very likely yields “altered”
phase separation with somewhat disordered gene expres-
sion, ultimately unable to prevent cell death.

MATERIALS AND METHODS

CELL CULTURE

HL-60/54 cells (ATCC CRL-3306) were cultivated in
RPMI-1640 medium, plus 10% FCS and 1% Pen/Strep. Rap-
idly growing cells in medium were added to dry sucrose in
T-25 flasks yielding 300 mM sucrose (~600 mOsM, total) for
30 and 60 minutes, as described earlier [8]. Cell differenti-
ation of HL-60/54 into granulocytes and macrophage has
also been described earlier [13].
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RNA PURIFICATION

Quadruplicate samples of undifferentiated HL-60/54
cells (5x10° cells/sample) exposed to 0, 30, or 60 minutes of
sucrose (total 12 samples) were centifuged, rapidly frozen
and stored in liquid nitrogen (LN,). Samples were thawed
by the addition of the RLT lysis buffer from the Qiagen
RNeasy Mini Kit and RNA purified according to the man-
ufacturer’s protocol. Care was taken to maintain RNAase-
free conditions with RNAase Zap. RNA was eluted with
molecular biology grade water, frozen in LN, and shipped
on dry ice to the Marshall University Genomics Core Fa-
cility. QC determinations (all 12 samples had a RIN score
of 10), preparation of the libraries (Illumina mRNA library
preparation Kit) and sequencing (Illumina HiSeq1500) was
carried out at the Core Facility. The resulting sequences are
available from the NCBI Sequence Read Archive as BioProj-
ect PRINA686972. Data and analyses of undifferentiated,
retinoic acid (RA)-treated and phorbol ester (TPA)-treated
HL-60/54 cells can be found in a previous publication [13].

DATA ANALYSES AND PRESENTATION

We identified genes with significantly differential tran-
script levels following the RSEM-EBSeq workflow outlined
at http:/ /deweylab.github.io/RSEM and used the sequenc-
es and annotation of UCSC human genome v19 (hgl9)
from Illumina igenome: (https://support.illumina.com/
sequencing/sequencing_software/igenome.html).  Hg19
was chosen, instead of hg38, so that the hyperosmotic tran-
scriptomes would be more comparable to the previous tran-
scriptomes of undifferentiated and differentiated HL-60/54
cells [13]. Furthermore, hg38 is a refinement of the assem-
bly, including primarily alternatively spliced transcripts
and a greater annotation of nonprotein-coding genes. It and
the new HGNC names will recover more genes, but most of
them are newly discovered and poorly annotated, so unlike-
ly to have much impact on ORA and GO analyses. A bash
script of the workflow is presented in Text S1 at https://
postepybiochemii.ptbioch.edu.pl/index.php/PB/. Briefly,
we used bowtie2 v2.3.2 to map paired-end reads to tran-
scripts extracted from the reference genome, and calculat-
ed transcript level values using RSEM v1.3.0. RSEM uses a
maximum likelihood expectation-maximization algorithm
to estimate the transcript levels of isoforms from RNA-Seq
reads [62]. We then calculated the significance of relative
expression differences using EBSeq v1.2.0 with the ng-vec-
tor option for isoform-level analysis [63]. EBSeq returns the
normalized mean count of reads mapped using the median
of ratios approach of DESeq [64] and the posterior proba-
bility of differential expression (PPDE) between control
and treatment conditions, which is naturally corrected for
multiple tests (i.e., the PPDE is equivalent to one minus the
false discovery rate, FDR). We tested control versus 30 min-
utes and control versus 60 minutes of sucrose exposure, and
accepted genes with PPDE>0.95 as having significantly dif-
ferent transcript levels. See Table S1 at https:/ /postepybio-
chemii.ptbioch.edu.pl/index.php/PB/ for a complete table
of EBseq normalized mean counts and PPDE values for
each hg19 gene. Output from RSEM and EBSeq were loaded
into a MySQL database with hgl19 annotation for analysis.
We uploaded lists of differentially expressed genes (i.e.,
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HGNC gene codes) to WebGestalt (http://bioinfo.vander-
bilt.edu/webgestalt) for (ORA) over-representation-analy-
sis of GO non-redundant terms [65]. We considered a GO
term over-represented if the hypergeometric test returned
an adjusted p value (FDR) less than 0.05. See Tables S2, S3
and S4 at https:/ /postepybiochemii.ptbioch.edu.pl/index.
php/PB/ for a detailed output for all GO terms significantly
over-represented after 30 minutes or 60 minutes of exposure
to sucrose.

MICROSCOPY

STED imaging of DAPI stained HL-60/54 cells +300 mM
sucrose and Leica SP8 confocal imaging of HL-60/54 cells
300 mM sucrose immunostained with rabbit anti-pPol II,
rabbit anti-NPAT, mouse anti-epichromatin (PL2-6) and
DAPI were performed by the same methods as described
earlier [15]. Antibodies employed were HUABIO anti-Phos-
pho RNA polymerase II POLR2A (S5) and Invitrogen (Ther-
mo Fisher Scientific) anti-NPAT (PA5-668.39).
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