Immunology

The Journal of cells, molecules, systems and technologies

« British Society for
immunologq}

Ao OIeA @ ORIGINAL ARTICLE

Optimized logic rules reveal interferon-y-induced modes regulated
by histone deacetylases and protein tyrosine phosphatases

Daniel Van Twisk,' Shawn P.
Murphy"? and Juilee Thakar"’

'Department of Microbiology and Immunol-
o0gy, University of Rochester, Rochester, NY,
Department of Obstetrics and Gynecology,
University of Rochester, Rochester, NY, and
*Biostatistics and Computational Biology,
University of Rochester, Rochester, NY, USA

doi:10.1111/imm.12707

Received 31 August 2016; revised 16
November 2016; accepted 28 November
2016.

Correspondence: Dr Juilee Thakar, 601 Elm-
wood Avenue, Rochester, NY 14618, USA.
Email: juilee_thakar@urmc.rochester.edu
Senior author: Juilee Thakar

Introduction

Summary

The pro-inflammatory cytokine interferon-y (IFN-y) is critical for activat-
ing innate and adaptive immunity against tumours and intracellular
pathogens. Interferon-y is secreted at the fetal-maternal interface in preg-
nant women and mice. The outer layer of the placenta in contact with
maternal blood is composed of semi-allogeneic trophoblast cells, which
constitute the fetal component of the fetal-maternal interface. The simul-
taneous presence of pro-inflammatory IFN-y and trophoblast cells at the
fetal-maternal interface appears to represent an immunological paradox,
for trophoblastic responses to IFN-y could potentially lead to activation
of maternal immunity and subsequent attack of the placenta. However,
our previous studies demonstrate that IFN-y responsive gene (IRG)
expression is negatively regulated in human and mouse trophoblast cells.
In human cytotrophoblast and trophoblast-derived choriocarcinoma cells,
janus kinase signalling is blocked by protein tyrosine phosphatases
(PTPs), whereas in mouse trophoblast, histone deacetylases (HDACs)
inhibit IRG expression. Here, we used genome-wide transcriptional profil-
ing to investigate the collective roles of PTPs and HDACs on regulation
of IRG expression in human choriocarcinoma cells. Logic-rules were opti-
mized to derive regulatory modes governing gene expression patterns
observed upon different combinations of treatment with PTP and HDAC
inhibitors. The results demonstrate that IRGs can be divided into several
categories in human choriocarcinoma cells, each of which is subject to
distinct mechanisms of repression. Hence, the regulatory modes identified
in this study suggest that human trophoblast and choriocarcinoma cells
may evade the potentially deleterious consequences of exposure to IFN-y
by using several overlapping mechanisms to block IRG expression.

Keywords: choriocarcinoma; interferon-y signalling; logics; pervanadate;
valproic acid.

signal transducer and activator of transcription 1 (JAK-
STAT1) pathway."” Interaction of IFN-y with its cell sur-

The pro-inflammatory cytokine interferon-y (IFN-y) plays
important roles in diverse cellular processes that include
the activation of innate and adaptive immune responses
against pathogens and tumours, inhibition of cell prolifer-
ation, and induction of apoptosis.' The functions of IFN-
y are facilitated through the up-regulation of over 300
genes."” Activation of IFN-y responsive gene (IRG)
expression is mediated through the Janus kinase and

face receptor leads to activation of the receptor-associated
kinases JAK1 and JAK2, which phosphorylate monomers
of the transcription factor STAT1 that are present in the
cytoplasm. Phosphorylated STAT1 (pSTAT1) homod-
imerizes, translocates to the nucleus, and activates tran-
scription of IRGs that contain y-activating sequences in
their promoters.”? Expression of IRG is also subject to
negative control by multiple distinct molecules that

Abbreviations: P, Pervanadate; V, Valproic acid
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include protein tyrosine phosphatases (PTPs), suppressors
of cytokine signalling-1 (SOCS-1) and protein inhibitors
of activated STAT (PIAS).> The PTPs repress IFN-y sig-
nalling both by antagonizing the activities of the JAKs,
and dephosphorylating pSTAT1 present in the nucleus.
SOCS-1 also inhibits JAK activity, whereas PIAS family
members block pSTATI1-mediated transcriptional activa-
tion.” These repressor molecules are critical for preventing
excessive IRG expression that can lead to deleterious
inflammatory reactions at distal sites.

Interestingly, IFN-y is secreted at the fetal-maternal
interface in pregnant mice and women. In pregnant mice,
IFN-y is essential for remodelling the spiral arteries
within the pregnant uterus to facilitate increased blood
flow to the fetus and for maintaining the decidua.* How-
ever, increased levels of IFN-y can lead to pregnancy loss
in certain strains of mice.”” Furthermore, alterations in
IFN-y expression have been observed in pre-eclampsia
and recurrent miscarriage in pregnant women.* ' Hence,
precise modulation of IFN-y expression may be critical
for successful pregnancy.

The outer layer of the human placenta in direct contact
with maternal blood and tissues is composed of semi-
allogeneic trophoblast cells, which perform numerous
functions that are critical for successful pregnancy, such
as gas, nutrient and waste exchange, hormone production,
and formation of a protective barrier against infection
and attack by the maternal immune system.'' There are
several subpopulations of human trophoblast, including
the syncytiotrophoblast, a continuous, multinucleate layer
that is in contact with maternal blood within the intra-
villous space, and the extravillous trophoblast, which
invade into the uterine endothelium and play a role in
remodelling the uterine spiral arteries.'' The syncytiotro-
phoblast and extravillous trophoblast are both derived
from villous cytotrophoblast cells.

The simultaneous presence of semi-allogeneic tro-
phoblast cells and pro-inflammatory IFN-y at the fetal—
maternal interface appears to represent an immunological
conundrum, for trophoblastic responses to IFN-y could
potentially lead to activation of the maternal immune sys-
tem, and subsequent attack of the placenta. We previ-
ously demonstrated that human trophoblast-derived
choriocarcinoma cells and term villous cytotrophoblasts
are hyporesponsive to IFN-y due to compromised activa-
tion of the JAK-STAT pathway, suggesting that tro-
phoblast  cells have evolved mechanisms for
circumventing potentially deleterious consequences of
exposure to IFN-7.'? Co-treatment of choriocarcinoma
cells with IFN-y and the PTP inhibitor pervanadate (P)
resulted in enhanced STATI phosphorylation and signifi-
cantly increased expression of IRGs such as IRFI and
guanylate-binding proteins (GBPs) relative to IFN-y treat-
ment alone.'? However, expression of the IRG LMP7 was
not substantially changed by IFN-y and P co-treatment of
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choriocarcinoma cells, suggesting that some IRGs may be
subject to additional levels of control in these cells. A
subsequent study revealed that the JAK-STAT1 pathway
is activated by IFN-y in mouse trophoblast cells, but tran-
scriptional activation of the IRGs is blocked by histone
deacetylases (HDACs)."?

In the current study, we investigated the collective roles
of PTPs and HDACs on regulation of IRG expression in
human choriocarcinoma cells by genome-wide transcrip-
tional profiling. Logic-rules were optimized to derive
rules governing gene expression patterns observed upon
different combinations of treatment with PTP and HDAC
inhibitors. The data reveal that IRGs can be divided into
distinct subsets that are differentially modulated by co-
treatment of Jar cells with TFN-y and PTP versus HDAC
inhibitors, respectively. Furthermore, promoter analysis of
the genes governed by the rules identifies transcription
factor binding sites associated with the different gene sub-
sets. Hence, the regulatory modes identified in this study
provide insights into the complex regulation of inflamma-
tory pathways at the fetal-maternal interface, as well as
mechanisms that choriocarcinoma cells may use to pro-
mote their survival.

Methods

Cell culture and reagents

Jar choriocarcinoma and HeLa cervical carcinoma cells
were obtained from the American Type Culture Collec-
tion (ATCC, Manassas, VA) and cultured as previously
described.'> Human IFN-y (I) was purchased from PBL
Biomedical Laboratories (Piscataway, NJ) and used at a
concentration of 200 U/ml. Sodium orthovanadate
(S6508 450243), hydrogen peroxide (31642) and bovine
liver catalase (C1345) were purchased from Sigma-Aldrich
(St Louis, MO). Pervanadate (P) was generated as previ-
ously described and used at a concentration of 100 pm."?
Valproic acid (V) was purchased from Calbiochem (San
Diego, CA), reconstituted in water and used at 5 mwm.
Briefly, 1-5 million Jar cells and 2 million HeLa cells were
plated on 60 mm? dishes, and 24 hr later, the cells were
treated with IFN-y or the drug combinations. After 16 hr,
the treatment cells were harvested in Trizol. The above
procedure was repeated four times.

RNA isolation and RNA seqencing

RNA was isolated from four sets of experiments using
TRIzol (Invitrogen Life Technologies, Carlsbad, CA) as
specified by the manufacturer. RNA concentrations were
determined with the NanopDrop 1000 spectrophotometer
(NanoDrop, Wilmington, DE) and RNA quality was
assessed with the Agilent Bioanalyzer (Agilent, Santa
Clara, CA). The TruSeq RNA Sample Preparation Kit V2
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(Ilumina, San Diego, CA) was used for next-generation
sequencing library construction per the manufacturer’s
protocols. Briefly, mRNA was purified from 100 ng total
RNA with oligo-dT magnetic beads and fragmented.
First-strand cDNA synthesis was performed with random
hexamer priming followed by second-strand ¢cDNA syn-
thesis. End repair and 3’ adenylation were then performed
on the double-stranded cDNA. Illumina adaptors were
ligated to both ends of the cDNA, which was then puri-
fied by gel electrophoresis and amplified with PCR pri-
mers specific to the adaptor sequences to generate
amplicons of approximately 200-500 bp in size. The
amplified libraries were hybridized to the Illumina single
end flow cell and amplified using the cBot (Illumina, San
Diego, CA) at a concentration of 8 pm per lane. Single
end reads of 100 nt were generated for each sample and
aligned to the organism-specific reference genome. The
raw and cleaned sequence data are available in NCBI’s
Sequence Read Archive (SRA) (id: SRP095402).

RNA-sequencing data analysis and inference of logic
rules

RNA-Seq fastq'* data were mapped to a reference genome
obtained from EnsemsL'® by TopHat (v2.1.0)'° using the
high-throughput short read aligner Bowtie (v1.01)."” The
htseq-count script from HTSEQ (v0.6.1) was then used to
generate raw count data from the accepted hits output of
TopHAT upon its conversion into a .sam file using Sam-
TooLs (v0.1.19)."® The Bioconductor package BIOMART
(v2.27.2)" was used for conversion from ensemble gene
IDs to official gene symbols. The Bioconductor package
DESEQ2 (v1.10.1) was used to perform differential
sequence analysis.

The differential sequence analysis of raw count data
from four experiments for each treatment was performed
relative to the untreated controls. Genes were considered
differentially expressed if g-value (P-value corrected for
multiple testing) < 0-05 and a log2 |fold change| > 1. Vol-
cano plots and heat maps describing the data were gener-
ated using GGPLOTS2 (v2.0.0).%2°

Inference of logic rules

To investigate the impact of different combinations of
treatments and interactions between them, we decided to
use algebraic logic where relationship between inputs (dif-
ferent treatments) and output (gene expression) can be
defined by logic rules. Typically, differential expression of
the genes is represented by —1 (down-regulated), 0 (not
differentially expressed) or 1 (up-regulated) in response
to the treatment. In this study, gene expression was stud-
ied in the case of five treatments namely I, V, P, IV and
IP. If we assume that the effect of joint treatments on the
gene expression is independent of single treatment there
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would be 3% =243 possible gene-expression patterns.
These 243 bit strings were enumerated using the balanced
ternary system and were mapped to the observed differ-
ential expression pattern. The unique patterns were trans-
lated into signed logic rules to improve interpretation of
the truth-tables.

Transcription factor target identification

The table mapping genes to transcription factor binding
sites (TFBS) was created in R using the databases ‘JAS-
PAR_CORE’ and JASPAR_2014’ from JASPAR.”' JASPAR
databases were accessed using the Biocondcutor package
MotieDb.** The UCSC hg19, mm10 and rn6 genomes were
obtained using the bioconductor package BSGENOME.HsAPI-
ENs.UCSC.HG19,% BSGENoME.Mmuscurus.UCSC.mm10** and
BSGENOME.RNORVEGICUS.UCSC.RN6,>* respectively. The Bio-
conductor package GENOMICFEATURES™ was used to extract
official gene symbols and the sequence 2 kb upstream and
downstream from the promoter. The function matchPWM
found in the Bioconductor package BiostriNGs>® was used
to perform the match algorithm on a given PWM (position
weight matrix) from JASPAR and a gene’s 2 kb upstream
or downstream promotor sequence for each TFBS and each
gene. A cut-off value of 85% was used for matchPWM
function. The genes regulated by the same TFBSs across
three species were used for the enrichment analysis. The
enrichment analysis was performed using Hypergeometric
test and P-value corrected using the Benjamini & Hochberg
method.”

Results

Global characterization of suppression of IFN-y
responsive genes in Jar cells

Previous work demonstrated that Jar choriocarcinoma
cells are hypo-responsive to IFN-y due to impaired
activation of the JAK-STAT1 pathway.'? To completely
characterize IRGs, genome-wide transcriptional profiling
using RNA-sequencing was performed following stimula-
tion of Jar and HeLa cells for 16 hr with 200 U/ml IEN-y
in four separate experiments. HeLa cells were used as
positive control because of their ability to induce a
classical IFN-y-induced response as documented previ-
ously.'»'»*” In HeLa cells, there were 364 and 35 up-
regulated and down-regulated IRGs, respectively. As
expected from previous observations, IFN-y treatment of
Jar cells modulated very few genes. Specifically, 45 IRGs
were up-regulated in Jar cells, and none were down-regu-
lated (Fig. 1a). Of the 45 genes, only two, ADAMTS6 and
FST, were differentially expressed/up-regulated in Jar cells
but not in HeLa cells, suggesting cell-specific expression
patterns. Indeed, FST produces Follistatin, a single-chain
gonadal protein that specifically inhibits follicle-
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Figure 1. Jar cells suppress interferon-y (IFN-y) responsive genes compared with HeLa cells: The number of (a) up-regulated and (b) down-regu-

lated genes upon IFN-y stimulation of HeLa and Jar cells are represented by a Venn diagram. (c) Heatmap representing mean of Log, (Fold

change) of differentially expressed genes in IFN-y stimulated HeLa and Jar cells relative to the unstimulated cells. Colourmap ranging from blue

to red represents low to high mean of the fold-change from four independent experiments. Differential expression compared four IFN-y-stimu-

lated samples with four unstimulated samples and was defined as a mean of the absolute fold change of at least two relative to the unstimulated

cells and a significant (g < 0-05) change in expression by DESeq2.

stimulating hormone release.”® Note that the 43 genes
up-regulated in both Jar and HeLa cells exhibited signifi-
cantly higher fold changes in HeLa cells compared with
Jar cells, suggesting that expression of all IRGs is sup-
pressed in Jar cells (Fig. 1b).

Alleviation of suppression of IFN-y responsive genes
upon inhibition of protein tyrosine phosphatases and
histone deacetylases

To comprehensively evaluate the relative roles(s) of PTPs
and HDACs on IRG expression in choriocarcinoma cells,
genome-wide transcriptional profiling using RNA-sequen-
cing was performed after culturing Jar cells for 16 hr in
the presence and absence of 200 U/ml IFN-y, in conjunc-
tion with the PTP inhibitor Pervanadate (P) and the his-
tone deacetylase inhibitor Valproic acid (V). Differential
expression (DE) analysis identified 5635 genes from four
comparisons between different combinations of treat-
ments compared with the untreated control (Fig. 2).

There was a strong overlap between genes induced by
the inhibitors (V or P) and by inhibitors + IEN-y co-
treatments. Interestingly, there was minimal overlap
between genes altered by IFN-y + V co-treatment versus
IFN-y + P co-treatment (1-7% up-regulated and 0-7%
down-regulated), suggesting that distinct mechanisms are
involved in the control of IRGs in Jar cells. Overlap
across all four conditions was 6-2% and 1-4% in up-regu-
lated and down-regulated genes, respectively. V treatment
led to more up-regulation (88% out of the total number
of differentially expressed genes by V and V+I) of the
genes than down-regulation, compared with P treatment
(63%) (Fig. 2b).

Among 399 DE IRGs in HeLa, 94 and 85 genes were
differentially expressed by treatment with V or P alone,
respectively. Stimulation with IFN-y along with the V or
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P increased these numbers to 173 (43%) and 229 (57%),
respectively. However, inhibitor treatment did not lead to
modulation of all 399 genes, indicating that the suppres-
sion observed in Jar cells was not completely alleviated
by these inhibitors. Moreover, nine IRGs that were up-
regulated in HeLa were down-regulated in Jar (e.g.
PEGI0, TNFRSF10D) and 11 IRGs that were down-regu-
lated in HeLa were up-regulated in Jar (e.g. FOSLI,
ASAP3).

Regulatory modes induced by IFN-y stimulation in
Jar cells

To investigate the regulatory modes in Jar cells logic rules
were written to describe the up-/down-regulation patterns
of 5635 DE genes (refer to Materials and methods sec-
tion). The responses of HeLa IRGs across five treatments
in Jar cells were defined by 30 logic rules (Fig. 3). Two
rules, fs and f, each governing only one gene, suggest
inhibition of IFN-y-mediated stimulation by P and V,
respectively. Particularly, IFN-y-mediated activation of
Toll-like receptor 3 and interferon regulatory factor 9
(IRF9) was inhibited by P and V, respectively, in Jar cells.
Suppression of IRF9 expression following treatment with
V is in line with the known inhibitory role of STATI1
acetylation.*

Interestingly, 10 rules indicate that inhibitors alone in
the absence of IFN-y can modulate the expression of
IRGs in Jar cells. These responses are regulated by sev-
eral transcription factors such as IRF1, PPARG (Peroxi-
some proliferator-activated receptor gamma). Five rules
represent dependence on IFN-y, even in the presence of
the inhibitors, suggesting that V and P can indeed alle-
viate the suppression of IRGs as suggested previously.”®
However, the absence of significant enrichment of tran-
scription factor binding sites in most of these gene

© 2017 John Wiley & Sons Ltd, Immunology, 151, 71-80
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Figure 2. The transcription response of Jar 0
cells upon inhibition of protein tyrosine phos-
phatases  (PTPs) deacetylases
(HDAC:s): (a) Differentially expressed genes
(upper panel: absolute fold change, > 2; false
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discovery rate < 0-05) and their fold changes
(lower panel) were measured for each treat-
ment by comparing their levels of expression
(x-axis) with unstimulated cells (horizontal
axis). Colour map ranging from blue to red

L1

depicts low to high log, (fold change). (b)

Venn diagram showing overlap between the -5 ng;
up-regulated (upper panel) and down-regu- foldchange

lated (bottom panel) genes upon treatments
with V (valproic acid, which is an HDAC inhi-
bitor), I (human interferon-y) +V, P (pervana-
date, which inhibits PTPs) and I+P.

clusters suggests that the regulatory modes are not dri-
ven by known transcription factors. It is possible that
multiple transcription factors might be involved in regu-
lation of these genes. The exceptions were IRF1 or
STAT1 regulated f,, and STATI-STAT2 regulated f3s.
The f55 rule represents genes requiring stimulation by
IFN-y in addition to treatment by P, suggesting a criti-
cal role of IFN-y. Indeed, several well-known IRGs such
as STAT2, CXCL family genes, and TLR genes are regu-
lated by rule f;5. Interestingly, the negative regulator
SOCSI, but not SOCS3 or SOCS6, is also governed by
f35, suggesting its specific activation by IFN-y.

Three rules identify IFN-y-dependent and independent
modes of regulation induced by the two inhibitors. For
example, f;, defines regulation of 48 genes, e.g. cCAMP-
dependent protein kinase inhibitor and zinc finger pro-
tein 540, which are up-regulated by V alone and are
down-regulated by a joint treatment with IFN-y and P.
Finally, four rules suggest that IFN-y suppresses the effect
of one inhibitor but stimulates the modulation by the
other inhibitor. For example, rule f3; governs genes that
are down-regulated in the presence of IFN-y and P, but
are up-regulated by IFN-y and V. However, these clusters
of mixed regulation were too small for further promoter
analysis.

Systems level regulation by IFN-y, P and V in Jar
cells

The patterns of all the DE genes identified in Jar cells
upon comparison of the gene expression observed by
combinations of the treatments with the untreated con-
trol could be defined by 59 rules (Fig. 4a). However, only

© 2017 John Wiley & Sons Ltd, Immunology, 151, 71-80
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four rules were necessary to describe 50% of the 5635 DE
genes. These rules are: f33 = P (1051 genes), f;3 =V (974
genes), fzo = —P (659 genes) and f;s =1 AND P (556
genes). Three out of the four rules were independent of
IFN-y. Exclusive treatment with inhibitors led to differen-
tial expression of 2684 genes, suggesting that an increase
in phosphatase and deacetylase activities up-regulate these
genes. This is not surprising since the inhibitors used in
this study block the activities of all PTPs and nuclear
HDAGC:. Interestingly, 25 and 5 HeLa IRGs were governed
by f3; and f3o, respectively, suggesting that the induction
of these genes is suppressed in Jar cells because of limited
availability of phosphorylated signalling molecules.

Promoter analysis of the genes governed by the f;5 and
f39 rules was performed to identify transcription factors
regulating the genes. Spil, SRF and SREBF2, were
enriched in f5; governed genes, while Foxd3, Gfilb and
Ddit3 were enriched in f;9 governed genes (Fig. 4b).
Acetylation of key transcription factors is known to have
positive and negative roles on the IFN-y induced sig-
nalling pathway.”>?! f;5, a rule governing regulation of
the second largest group of genes, was exclusively induced
by HDAC inhibition, and was enriched for 48 transcrip-
tion factor binding sites (see Supplementary material,
Table S4). Enrichment of many transcription factors sug-
gests that HDAC inhibitors regulate genes by different
mechanisms than by modulation through a limited num-
ber of specific transcription factors.

Signal processing through gene clusters
To investigate the signal processing through the 59 rules

(Fig. 4a) we simplified the complex logic rules by
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|No. Rule Transcription factors enriched Category
f, 1 IRF1, RXRA, IRF2 Inhibitors have
no effect
f,  VORIORP
f VORI IRF1
s PORI STAT1-STAT2
e.g. STAT3, ZNF423, and
fis P .
see Supplementary material,
Table S1
53 P-V
fss -V IFN-y is not
. p e.g. GATA1, ZEB1, and required
39 see Supplementary material,
Table S2
e.g. PDX1, FOS, and
f V) - (P
17 V)-(P) see Supplementary material,
Table S3
f e.g. ERG, JUN, and supplementary
13V
text 4
f, VORP e.g. PPARG, JUN, and
see Supplementary material,
Table S5
fs | AND NOT P inhibitors inhibit
f,  IANDNOT V IRGs
fs IANDV
IRF1, NFkB, STAT2, MYOG,
fis  |ANDP inhibitor leads to
REL
fis - AND P) releaselFN-y
response
f,  -(VANDI)
f, 1 AND (V OR P) IRF1, STAT1
f, VOR(ANDP) e.g. KLF4, AP1, and . One of the
see Supplementary material, inhibitor
f,, (V)-(IANDP) Table S6 releases

f,, (P OR (I AND V))

f,;  (V AND NOT 1)

fse P AND NOT |

f.s  -(P AND NOT Iy

fi9 -V AND NOT |

f, (- (P ANDNOT I)

f,  -(V ANDNOT 1)+ ()

f,  (LANDNOT V) - (V AND NOT I)
(V AND NOT 1) - (P AND Iy

o -(P AND NOT I) + (I AND (P OR V)

=
@ N
N

replacing those with simpler rules, for example f,, = ((V
AND NOT I) OR (P AND 1)) was simplified to f>y = f>;
OR f;5, where f,; = V AND NOT I and f;5 = I AND P.
The gene-regulatory network shown in Fig. 5 emerged,
representing collaborations between gene modules gov-
erned by different rules. f54, fs, f35 and f5; had highest
betweenness centrality, suggesting a strong influence of
those gene modules in transferring the signal from I, V
and P. Furthermore, the target node (nodes having no
outgoing edge) f590 = —(P AND NOT I) + (I AND (P OR
V) and f;5 = (V OR (P AND I)) — (P AND NOT I) had
the highest closeness centrality. The strong closeness
centrality could be explained by their complex regula-
tion leading to a smaller distance from most other
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IFN-y response . . )
Figure 3. Regulatory modes induced by inter-

IFN-y feron-y (IFN-y) upon treatments with the inhi-
suppresses bitors: Rules (second column) describing
genes differential expression patterns of 399 HelLa
responsive

to the inhibitor(s) IFN-y responsive gene (IRGs) upon stimula-
tion of Jar cells with human interferon-y (I),
valproic acid (V), pervanadate (P), I+V and
Complex I+P, and binding sites of the transcription

regulation factors (third column) enriched in the gene
clusters. [Colour figure can be viewed at

wileyonlinelibrary.com]

nodes in the network. Furthermore, 12 critical rules
were identified as master regulators that could replace
all 59 rules (Fig. 6a). f5, f; and f; were significantly
enriched with targets regulated by IRF1, STAT1-STAT2
complex and IRF1, IRF2 and RXRA transcription fac-
tors, respectively. The f rule suggests that the expres-
sion of IRF1 targets is regulated by HDACs. fs, f7, fo1,
f2s and f5, were not enriched for any transcription fac-
tors. fi3 fi0 f35 and f35 were enriched for several tran-
scription factors, which have been described in the
previous sections. In general, treatment with V alone
induced 49 specific transcription factors (Fig. 6b). In
contrast, f9, f33 and f35 induced fewer specific transcrip-
tion factors (depicted in Fig. 6b).

© 2017 John Wiley & Sons Ltd, Immunology, 151, 71-80



(a) No. Rules I'V PIVIP No. Rules
f VORIORP £ (P ANDNOT ) + (V AND I)
f, VORI f, -P+VANDI
f  PORI f, P
o f, PANDNOT I
f. IANDNOT P f, IANDP
£ ()- (P AND NOT 1) f, -1ANDP)
f, TANDNOT Vv f. (P ANDNOT 1)+ (P AND )
f. -(V AND NOT 1) + (1) f, <P ANDNOT )
f, (IANDNOT V) - (V AND NOT ) f P
o
:m VORP f, (P)-(VANDI)
i (VOR(PANDNOT 1) f. (P ANDNOT I)- (V AND )
:,2 V OR (I AND P) fvANDI)
w Y f,, -(IAND (V OR P))
f, (V)-(IANDP)
f., -((V AND I) OR (P AND NOT I))
f_ (VOR (P AND ) - (P AND NOT 1)
‘" V) - (P AND NOT | fis (POR(ANDV)
b (v) : (P ) f, -V ANDNOT I)+(P)
v W) f_ (v AND NOT I)+(P AND NOT 1)
f.. (P OR(VAND NOT I)) i
-(V AND NOT 1) + (P AND |
f., ((VORP) AND NOT ) w )+ )
f, ((V AND NOT 1) OR (P AND 1)) s | -V ANDNOT |
20
f, (VANDNOT I :ﬁ ~((V AND NOT 1) OR (P AND I))
f, (VANDNOT I)- (P AND I) 5 -(NOT1)
f,, (VAND NOT 1) - (P AND NOT 1) f, (v AND NOT 1) OR P)
f,, -(P)+(V AND NOT 1) fo P-V
f. (POR (IANDV)) f.. -(V)+(P AND NOT I)
f,, (P ANDNOT I) OR (V AND I) fss  -(V)+(P AND I)
f, IAND (VORP) o Vv
f, IANDV f; -(VOR(PAND1)
f,, -(P AND I) + (V AND I) f:s -V OR (P AND NOT I))
f, -(P ANDNOT 1) + (I AND (P OR V))0 0 —1 f, -(VORP)

Inference of gene-regulatory network

0-10-1-1
0-1-1-10
0-1-1-1-1

Figure 4. System-wide optimization of logic rules and promoter analysis: (a) All 59 rules (second column) describing differential expression pat-

terns (blue/1 = up-regulation, white/0 = no significant difference and yellow/—1 = down-regulation) of 5635 genes upon stimulation with human
interferon-y (I), valproic acid (V), pervanadate (P), I+V and I+P (horizontal axis). (b) fi3, f33 f35 and f39 governed 50% of the differentially
expressed genes. The promoter analysis reveals enrichment of several transcription factor binding sites. The distinct patterns described by the f;3,

f33 f35 and f59 rules are expected to be governed by a subset of transcription factors unique to those gene clusters, and are depicted by grey, pur-

ple, green and yellow colours look different, not the ones described colours, respectively. [Colour figure can be viewed at wileyonlinelibrary.com]

Discussion

Interferon-y-mediated activation of the JAK-STAT1 path-
way is blocked in human trophoblast-derived choriocarci-
noma cells and term villous cytotrophoblast cells,
resulting in compromised phosphorylation of STAT1 and
expression of IRGs.'? Pervanadate, the PTP inhibitor,
enhanced IFN-y-mediated STAT1 phosphorylation and
significantly increased expression of the IRGs IRFI and
GBP in Jar choriocarcinoma cells, but not LMP7.'? These
results suggest that additional mechanism(s) may be
involved in repression of different IRGs in choriocarci-
noma cells. In this study, we addressed this hypothesis by
performing genome-wide transcriptional profiling on
RNAs from Jar cells treated with IFN-y alone, or in com-
bination with PTP and HDAC inhibitors. The RNA
seqencing data support the hypothesis that several over-
lapping mechanisms are involved in controlling IFN-y-
inducible gene expression in Jar cells.

Inference of standard logic rules provided mechanistic
insights into the regulation of genes, specifically IRGs in
Jar cells by P and V. f55 = I AND P emerges as the most
critical rule governing IRGs, that ranks fourth on the
number of genes governed. It is also one of the rules with
highest betweenness centrality, suggesting that it has

© 2017 John Wiley & Sons Ltd, Immunology, 151, 71-80

critical role in regulating the downstream gene modules.
The promoter analysis of the f;5 module reveals several
transcription factors regulated by PTPs such as NFkBI,
IRF1 and STAT?2. A similar rule, f,5, described genes reg-
ulated by V, but they were fewer in number (166). How-
ever, the promoters of the affected genes were not
enriched for binding sites of any specific transcription
factors, suggesting that diverse molecular mechanisms
might be underlying the regulation of IRGs by V.

The interactions between PTPs and HDACs in the reg-
ulation of IRGs and other genes are complex. Several reg-
ulatory modes are in consensus with previous
observations by Kramer et al. showing that acetylation of
STAT1 counteracts IFN-induced STAT1 phosphorylation,
nuclear translocation, DNA binding, and target gene
expression.”” For example, f, governs a set of IRGs that
is expressed upon co-treatment with I and V, but is
down-regulated by treatment with P. Several subsets of
genes are suppressed by treatment with I even in the
presence of the inhibitors. Future studies will reveal if this
suppression is specific to Jar cells, further supporting
selective responsiveness to IFN-y. Regulation of gene
expression could be mediated by differential binding of
the co-factors. Methylation of the respective promoters
may play a role in repression of these genes because
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previous studies suggest extensive alterations in the pat-
terns of DNA methylation in Jar and JEG-3 choriocarci-
noma cells.’” Alternatively, the current study reveals 19
regulatory modes of Zinc finger proteins, which are a
dominant class of co-factors that can bind to nucleic
acid.”®> Moreover, genes regulated by ZFP423 and/or
ZNF354C were enriched in modules governed by fjo, fi2
fi3 fie f1» f33 and fso. Interestingly, most of these mod-
ules showed up-regulation driven by V.

Both phosphorylation and acetylation are versatile
modulators of protein functions and interactions.”® Our
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Figure 6. Transcription factors regulating mas-
ter rules: (a) Twelve master rules were identi-
fied that could replace all the 59 rules. (b)
Four of these 12 rules showed enrichment of
transcription factors, indicating their critical
roles in signal processing.

promoter analysis reveals that V induces genes induced
by wide range of transcription factors, which could be
due to the influence of HDACs on chromatin confor-
mation facilitating easier access to the transcription fac-
tors.”> These results suggest that the reduced expression
of IRGs in Jar cells is, at least to some extent, regulated
by the inefficient recruitment of transcription factors or
co-factors to target promoters. In contrast, all clusters
responsive to P and I show enrichment of at least one
of the transcription factors implicated in the activation
of IRGs. As expected from the broad action of P and

© 2017 John Wiley & Sons Ltd, Immunology, 151, 71-80



V in inhibition of PTPs and HDAC, respectively, both
treatments stimulate several transcription factors on
their own.

The current study corroborates previous observations
made by PCR.'>" For example, IFN-y-induced stimula-
tion of genes such as GBP require inhibitors for up-regu-
lation in Jar cells.'®'? The GBPs are governed by different
rules, including f,; and f;5. In addition, the CASPI,
CASP8 and CASP9 genes, which are necessary for induc-
tion of apoptosis, are only modulated in Jar cells upon
co-treatment with I and P (rule f35). In contrast, CASP7
is induced upon treatment with I even in the absence of
the inhibitors (rules f;). These results are consistent with
our observation that co-treatment of Jar cells with I and
P, but not I alone, resulted in apoptosis. Additionally, the
current study reveals rules of regulation for several previ-
ously unstudied genes.

Klampfer et al. previously demonstrated that HDAC
inhibitors (HDACi) blocked IFN-y-inducible JAK1 and
STAT1 phosphorylation, and activation of IRF1 expres-
sion in human colorectal carcinoma cells, but STATI,
STAT2 and CASP7 were not affected.®® Similar effects of
HDACi were observed on type I IFN-inducible gene
expression in a number of different cell types.”’ >* These
results directly contrasted with studies of mouse tro-
phoblast cells, in which HDACi enhanced IFN-y-inducible
IRF1 expression.'” The present study confirms that IFN-
y-induced IRF1 mRNA expression is repressed in Jar tro-
phoblast-derived choriocarcinoma cells, but suppression
can be alleviated by both P and the HDACi V.
Collectively, these observations support the hypothesis
that trophoblast cells use distinct mechanisms for
regulating IFN-y-responsive gene expression.

Interferon-y plays an integral role in immunity against
many types of tumours, particularly in the immunoedit-
ing phase, during which the host immune system keeps
developing tumours in check.** Subsequent tumour pro-
gression is associated with down-regulation of tumour
responses to IFN-y, which ultimately enables tumours to
escape host immunosurveillance.*” The current study
demonstrates that choriocarcinoma cells use multiple
mechanisms to block IFN-y-inducible gene expression,
which suggests that these tumour cells may be especially
adept at evading host immune responses, particularly as
they lack the expression of classical MHC molecules.*'
Repression of IFN-y responsiveness may also be essential
for semi-allogeneic trophoblast cells to evade maternal
immunity, as this phenotype was also observed in normal
term, villous cytotrophoblast cells.'?
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