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ABSTRACT

Nuclear factor 90 (NF90) is a dual DNA- and RNA-binding protein expressed ubiquitously in
mammalian cells, including monocytes. Here, to elucidate the function of NF90 in the immune
response, we analyzed systematically its influence on gene expression programs in the human
monocytic cell line THP-1 expressing normal or reduced NF90 levels. RNA sequencing analysis
revealed many mRNAs showing differential abundance in NF90-silenced cells, many of them
encoding proteins implicated in the response to immune stimuli and malaria infection. The
transcription of some of them (e.g. TNF, LILRBT, and CCL2 mRNAs) was modulated by silencing
NF90. Ribonucleoprotein immunoprecipitation (RIP) analysis further revealed that a subset of
these mRNAs associated directly with NF90. To understand how NF90 influenced globally the
immune response to malaria infection, lysates of red blood cells infected with Plasmodium
falciparum (iRBC lysates) or uninfected/mock-infected (URBC lysates) were used to treat THP-1
cells as a surrogate of malaria infection. NF90 affected the stability of a few target mRNAs, but
influenced more generally the translation and secretion of the encoded cytokines after treatment
with either uRBC or iRBC lysates. Taken together, these results indicate that NFO0 contributes to
repressing the immune response in cells responding to P. falciparum infection and suggest that
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NF90 can be a therapeutic target in malaria.

Introduction

Changes in gene expression programs enable organ-
isms to adapt to developmental cues and to changes in
the environment. Transcriptional and post-
transcriptional mechanisms of gene regulation are
critically controlled by proteins that bind DNA,
RNA, or both [1,2]. NF90 is a DNA- and RNA-
binding protein (DRBP) encoded by the Interleukin
Enhancer-Binding Factor 3 (ILF3) gene localized on
human chromosome 19 [3,4]. NF90 is found in both
the nucleus and the cytoplasm, and bears two double-
stranded RNA-binding motifs, a zinc finger domain,
and a nucleic acid-binding arginine/glycine-rich
(RGG) motif [4]. NF90 can bind DNA and regulate
the transcription of specific genes, and it can also bind
single- and double-stranded RNA to control mamma-
lian and viral RNA metabolism [4,5]. Accordingly,
NF90 has been found to participate in many levels of
gene regulation, including mRNA stabilization, trans-
lation control, viral RNA replication and

transcription, and biogenesis of microRNAs and cir-
cular RNAs [6-11].

The activity of NF90 as a transcription factor
was initially identified in the immune response.
NF90 was found as a large subunit of the consti-
tutive human transcription complex NFAT
(nuclear factor of activated T cells) involved in
the transcription of the IL2 and ILI3 genes
[12,13]. More recent studies characterizing system-
atically the genomic regions with which NF90
associates have uncovered many active promoters
and enhancers with NF90-binding sites, including
those in genes encoding proliferative proteins [5].

Through its RNA-binding function, NF90 was
found to influence the post-transcriptional lives of
many target transcripts, particularly a subset of
mRNAs bearing AU-rich sequences in their 3'
untranslated regions (UTRs) [14]. Some NF90 tar-
gets, including IL2 and DUSPI/MKP-1 mRNAs,
were stabilized upon NF90 binding [6,14,15].
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However, NF90 was also found to control the trans-
lation of other target mRNAs. Translational repres-
sion by NF90 was reported in actively dividing
fibroblasts, which expressed high levels of NF90
and low levels of MCP1, GROA, IL6, and IL8; con-
versely, senescent fibroblasts expressed low levels of
NF90 and thus translation of the same factors,
including inflammatory cytokines, was elevated
[16]. In addition, NF90 promoted the translation of
vascular endothelial growth factor (VEGF) and
cyclin T1 (CCNT1) by enhancing the recruitment
of the corresponding mRNAs to polysomes [17,18].
We recently identified NF90 as a repressor of the
translation of cytokine BAFF (encoded by the
TNFSF13B gene) in THP-1 cells. NF90 cooperated
with microRNA miR-15a in binding the wild-type
isoform of BAFF mRNA and inhibited BAFF trans-
lation [19]. In the presence of a genetic variant
(BAFF-var), the binding site for NF90 and one of
the two miR-15a sites were lost, leading to increased
production of soluble BAFF and raising susceptibil-
ity to autoimmune diseases like multiple sclerosis
and systemic lupus erythematosus [19,20].
Although these lines of evidence indicated that
NF90 influenced the production of different
immune response proteins at both the transcrip-
tional and post-transcriptional levels, a global ana-
lysis of NF90 in the immune response program
has not been carried out. We thus sought to study
how NF90 influenced the expression of immune
proteins using monocytes, which play key roles in
innate immunity and inflammation, as well as in
diseases in which these processes are dysregulated.
We systematically analyzed the association of
NF90 with RNAs in the human monocytic cell
line THP-1 [21]. RNA sequencing analysis identi-
tied mRNAs differentially abundant in THP-1 cells
expressing low levels of NF90, including several
mRNAs encoding proteins critical for the response
to malaria infection, a disease caused by
Plasmodium parasites [22]. Malaria infection is
strongly influenced by the release of inflammatory
mediators from innate immune cells and is
a major public health problem, causing hundreds
of thousands of deaths each year [23]. Analysis of
THP-1 cells treated with lysates of red blood cells
infected or not with Plasmodium falciparum
revealed that NF90 influenced the levels of
immune response proteins in response to malaria
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antigens on different levels: transcription, mRNA
turnover, and translation. In line with previous
results [24], the number of CD14" cells declined
after treatment with lysates of red blood cells
infected with P. falciparum, while NF90 silencing
restored CD14" cells. We propose that NF90 reg-
ulates gene expression programs in THP-1 cells
and influences the ability of these cells to respond
to malaria antigens.

Results

Lowering NF90 levels alters the transcriptome in
monocytic THP-1 cells

The DRBP NF90 regulates gene expression in
response to diverse signals, including immune sti-
muli. To begin to assess its global impact on
immune cells, we first investigated how NF90
modulated total RNA expression patterns in the
human monocytic cell line THP-1. After stably
silencing NF90 in THP-1 cells using a short hairpin
(sh)RNA (Figure 1(a)), we compared total RNA
levels in cells expressing low levels of NFO0 (NF90
shRNA) and cells expressing normal levels of NF90
(Ctrl shRNA). RNA sequencing (RNA-seq) analysis
(Supplementary Table S1) identified 183 RNAs sig-
nificantly less abundant (green dots) and 118 sig-
nificantly more abundant (red dots) in NF90
shRNA cells compared to Ctrl cells (Figure 1(b)).
Most transcripts identified in this analysis were
protein-coding messenger (m)RNAs (90%), while
6% were long non-coding (Inc)RNAs, and 3%
were RNAs encoded by pseudogenes (Figure 1(c)).

For the RNAs most differentially abundant,
relative (fold) levels were calculated by comparing
RNA-seq results from NF90 shRNA cells with Ctrl
shRNA. Quantification of these signals revealed
that GPRASP2, CCL8, and NF90/ILF3 mRNAs, as
well as antisense IncRNA SOX21-ASI decreased in
NF90 shRNA cells, while ARC, FLT3, LILRAI,
FIGN and HCP5 mRNAs increased (Figure 1(d));
see Supplementary Table S1 for a full list. KEGG
pathway analysis of the mRNAs differentially
regulated in NF90 shRNA cells (Figure 1(e))
revealed that the encoded proteins were implicated
in biological processes related to cytokine receptor
interaction and infectious diseases. Interestingly,
several of the mRNAs differentially expressed
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Figure 1. RNA-seq analysis of THP-1 cells expressing different levels of NF90. (a) Western blot analysis of THP-1 cell populations with
stably reduced NF90 levels (NF90 shRNA) or normal levels (Ctrl shRNA). (b) Volcano plot representation of the differential abundance
of RNAs in THP-1 cells (Ctrl shRNA vs NF90 shRNAs) in the two different comparison groups; reduced (green) and increased (red)
mRNAs are highlighted. (c) Classification of the THP-1 cell transcriptome based on the coding potential of the transcripts expressed.
(d) Among the mRNAs showing differential abundance, those displaying the greatest fold increases (red) and decreases (green) by
RNA-seq analysis were plotted. (e) KEGG pathway enrichment analysis of the mRNAs differentially expressed in THP-1 cells from
panel (b), containing normal or reduced NF90 levels.

were implicated in the response to malaria infec-  focused on the role of NF90 in regulating mRNAs

tion, a disease caused by Plasmodium parasites and  implicated in the immune response to malaria
a major public health problem worldwide. We thus  infection.



NF90 binds to and regulates mRNAs encoding
immune-related proteins

Proteins such as fms-related tyrosine kinase 3 (FLT3),
leukocyte immunoglobulin-like receptor 1 (LILRB1),
complement receptor 1 (CR1), tumor necrosis factor
(TNF), the acute-phase-regulated monocyte/macro-
phage membrane receptor CD163, and the inflamma-
tory/inducible chemokines CXCL10, CXCL11, CCL2
and CCL8 are involved in the response to malaria
infection [25-30] and were selected for further analy-
sis (Figure 2(a)).

Given that NF90 binds a range of RNAs, we
hypothesized that NFO0 might directly associate with
and regulate the fate of several of the selected mRNAs.
We performed ribonucleoprotein (RNP) immunopre-
cipitation (RIP) analysis using lysates of THP-1 cells
and anti-NF90 antibody or normal mouse IgG as
control, under conditions that preserved the integrity
of NFO0 RNPs complexes; NFO0 was effectively
enriched in the IP material, as assessed by Western
blot analysis (Figure 2(b)). The RNA present in the
RIP samples was isolated and subjected to reverse
transcription (RT) followed by quantitative real-time
(q)PCR analysis to monitor the levels of mRNAs in
NF90 IP compared to IgG IP. Most mRNAs tested
were significantly enriched in the NF90 RIP from
THP-1 lysates, supporting the notion that these
mRNAs interacted with NF90 in THP-1 cells; CD163
and FLT3 mRNAs were not enriched, suggesting that
these RNAs did not associate with NF90 (Figure 2(c)).
To validate these results and further determine if the
same complexes might exist in human primary cells,
we performed RIP analysis using purified peripheral
blood mononuclear cells (PBMCs) from human
donors. Binding of the target mRNAs (Figure 2(c))
was confirmed by NFO0 RIP analysis using primary
PBMC lysates (Figure 2(d)). ACTB mRNA levels in
the same IP samples were measured to monitor differ-
ences in sample input [31] (Figure 2(c,d)).
Collectively, these findings indicate that NF90 associ-
ates with several mRNAs encoding proteins involved
in the immune response to malaria.

To test if NFOO modulated the levels of these
mRNAs, we used RT-qPCR analysis to measure the
steady-state levels of mature mRNAs (Figure 3(a)). As
shown, NF90 ablation in THP-1 cells lowered the
steady-state abundance of CXCI10, TNF, CCL2,
CCL8, CXCL11, and NF90 mRNAs, while it modestly
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elevated the abundance of LILRBI and CRI mRNAs.
We also measured the levels of the corresponding pre-
mRNAs (Figure 3(b)) as surrogate indicators of de
novo transcription; several mRNAs showed trends in
steady-state levels that mirrored the changes observed
in pre-mRNA levels, suggesting that NF90 might help
control their transcription. However, for others (e.g.
NF90 and CCL8 mRNAs), changes in the pre-RNA
levels did not match the observed changes in steady-
state mRNA levels, suggesting that NFOO may not
control their transcription and instead may influence
the stability of these mRNAs (Figure 3(a,b)). To inves-
tigate this possibility directly, we measured the half-
lives of the same subset of mRNAs by treating cells
with actinomycin D (which inhibits RNA polymerase
IT and thus blocks de novo transcription), collecting
RNA at different times thereafter, and measuring the
time required to reduce mRNAs to one-half of their
initial abundance (ty, ; Figure 3(c)). The loss of CCLS,
TNF, CXCL10 and CXCL11 mRNAs was significantly
greater (P < 0.05) at some time points in NF90-
silenced cells, suggesting that NF90 increased their
stability at least moderately (Figure 3(c)). The relative
stabilities of other mRNAs were comparable between
groups.

To study if NF90-elicited changes in mRNA levels
were reflected in changes in protein production, we
employed ELISA and Western blot analysis, accord-
ing to the detection methods available for each pro-
tein. ELISA data indicated that lowering NF9O0 levels
reduced significantly the secretion of CCL2, CCL8
and CXCL10 (Figure 3(d)), while it increased the
levels of secreted TNF (Figure 3(d)). Proteins CR1
and LILRBI, detectable by Western blot analysis in
whole-cell lysates, showed strong upregulation after
NF90 silencing (Figure 3(e)). Together, these results
indicate that NFO0 modulates the transcription and
stability of several mRNAs encoding factors that
influence the response to malaria proteins. With
the exception of TNF, NF90-elicited changes in
mRNA levels were reflected in changes in protein
production and secretion in THP-1 cells.

NF90-regulated response to treatment with
P. falciparum antigens

In light of the aforementioned effects of NF90 on
immune response factors, we investigated whether
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Figure 2. In THP-1 cells, NF90-associated mRNAs encode proteins implicated in the immune response to malaria infection. (a) Major
NF90 targets implicated in the immune response to malaria infection; fold changes in abundance after silencing NF90 are indicated
in the right column. (b) After immunoprecipitation (IP) using anti-NF90 or IgG antibodies, the presence of NF90 in the IP material
was assayed by Western blot analysis. (c,d) Ribonucleoprotein immunoprecipitation (RIP) analysis was conducted using lysates from
THP-1 cells (c) and primary PBMCs (d) using either anti-NF90 or IgG antibodies. The levels of target mRNAs in the ribonucleoprotein
(RNP) complexes present in the IgG IP and NF90 IP samples were measured by RT-gPCR analysis. The levels of enrichment of the
mRNAs in NF90 IP relative to IgG IP were calculated after normalization to 78S rRNA. Data in (c,d) are the means and standard
deviation (+SD) from at least three independent experiments. *, P < 0.05; **, P < 0.01, ***, P < 0.005.

the cellular response to P. falciparum antigens was
influenced by NF90. THP-1 cells expressing normal
or reduced NF90 levels were incubated with lysates
prepared from red blood cells (RBCs) (Methods)
that had been mock-infected or infected with
P. falciparum (Figure 4(a)). Lysates contained hermo-
zoin, a dark aggregate of free heme released after
digestion of hemoglobin by P. falciparum; hemozoin
was readily visible in treated THP-1 cells but not in

control cells (Figure 4(b)). Twelve lysate equivalents
from infected and uninfected RBCs (iRBCs and
uRBCs, respectively) were used for each THP-1 cell
line, and RNA and protein were extracted 48 h later.
Western blot analysis revealed that NF90 levels did
not change following exposure to P. falciparum anti-
gens (Figure 4(c)). Treatment with P. falciparum anti-
gens influenced the expression of the subset
of mRNAs and pre-mRNAs encoding the cytokines
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Figure 3. Influence of NF90 on target mRNAs and encoded proteins. (a,b) THP-1 cell populations expressing normal (Ctrl shRNA) or reduced
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(d,e) The THP-1 cells described in panel (a) were used to quantify by ELISA the levels of protein secreted (d) and to assess by Western blot
analysis the levels of protein in the cell lysates (e). In (a-d) data are the means and standard deviation (+SD) from at least three independent
experiments. *, P < 0.05; **, P < 0.01, ***, P < 0.005.



714 M. L. IDDA ET AL.

a b
uRBCs iRBCs uRBCs iRBCs
Ctrl shRNA Ctrl shRNA
Pl 35 W S sezeve  NEEEEET
2 o
o
Ctrl shRNA ‘ Ctrl shRNA ‘
NF90 shRNA NF90 shRNA

(4
uRBCs iRBCs
NFOD s —
ACTB  — —
¥ Ctrl ShRNA uRBCs
W NF90 shRNA uRBCs *
d = s - Ctrl shRNA iRBCs * .
T 90 ** B NF90 ShRNA iRECs —t— —
Y3
%E 25 *ok * B ®
=R 2 I
5 *
2T 5]
E2 . I
2% 10
-lfﬂ % * * *
2E 51 — = - -
2 ol — e . o — oo uae 5 DN ——
CXCL10 TNF LILRB1 ccL2 ccLs CR1 CXCL11
*
@ oE 1 x|
@ * *
%'6 10 S .
[ <‘(J 8 4 * %
o= 64 I
a® *
ok
I l
©
£ 5l
CXCL10 TNF LILRB1 ccL2 ccLs CR1 CXCL11
— 5 20 —XER ywx
f L
< E dkk *kdk 15
g 2 Hk 10 = ok
Qc
29 I 1 m
_g @ 5 *%
3s 05
: . i
o 1= 0.0
CXCL10 TNF ccL2 ccLs CXCL11
uRBC iRBC
g9

shRNA Ctrl NF90 Ctrl  NF90

|P S e emem | || RB1
|~ . @mm = CR1

- ]
(————CT(

Figure 4. NFO0 modulates the response to exposure to P. falciparum antigens. (a, b) Schematic representation (a) and
micrographs (b) of THP-1 cells treated with lysates from red blood cells uninfected or infected with P. falciparum (uRBCs,
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and chemokines of interest (Figure 4(d,e)). Interest-
ingly, however, cells expressing reduced NF90 levels
showed lower inductions of CXCL10, TNF, CCL2,
CCL8, and CXCLII mRNAs in response to the
P. falciparum antigens; these trends were mirrored
by changes in pre-mRNAs in most cases, but not for
LILRBI or CCL2 mRNAs (Figure 4(e)).

We then assessed the impact of P. falciparum
antigens on protein production and whether NF90
affected this process. We used ELISA to measure the
levels of soluble protein in the supernatants of THP-
1 cells treated with iRBC or uRBC lysates for 48 h. As
shown, treatment with P. falciparum lysates (iRBCs)
increased significantly the levels of all secreted cyto-
kines compared with treatment with uRBCs (Figure
4(f)), with TNF, CCL2 and CCL8 showing the stron-
gest augmentations. Importantly, silencing NF90
suppressed the iRBC-elicited increase in CCL2 and
CXCL11 levels and lowered the basal levels of
CXCL10, CCL2, CCL8, and CXCLI11. Silencing
NF90 increased TNF levels in cells treated with either
iRBC or uRBC, supporting the notion that NF90 is
a general repressor of TNF production (Figure 4(f)).
Western blot analysis revealed that LILRBI1 levels
similarly increased in NF90-silenced cells treated
with uRBC lysates and even more in cells treated
with iRBC lysates, although LILRB1 levels did not
rise following iRBC treatment alone (Figure 4(g)). By
contrast, CR1 levels increased after treatment with
iRBC, but NF90 silencing prevented this elevation
(Figure 4(g)).

Given the discrepancies between mRNA levels
and protein levels for the NF90 targets studied, we
investigated if silencing NF90 and/or treating with
P. falciparum lysates (iRBC groups) affected the
translation of some of these mRNAs. A measure of
the rates of translation was ascertained by fractionat-
ing cytoplasmic lysates through linear gradients
(10-50% sucrose) and evaluating the sizes of poly-
somes associated with the mRNAs; shifts to larger
polysomes would indicate more active translation
and shifts to smaller polysomes would be consistent
with reduced translation. The overall polysome
populations were comparable in Ctrl relative to
NF90 shRNA cells, indicating that the relative abun-
dance of free ribosomal subunits (40S, 60S), mono-
somes (80S), and low- and high-molecular-weight
(LMW and HMW) polysomes did not change sub-
stantially after silencing NF90 (Figure 5(a); compare
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the polysome traces on the left to those on the right).
By contrast, exposure to P. falciparum (iRBC) lysates
triggered changes consistent with reduced wide-
spread translation, including an overall rise in 80S
peaks; in Ctrl shRNA cells, the sizes of LMW and
HMW polysome peaks were reduced, although these
changes were less apparent in NFO0 shRNA cells.

Following isolation of RNA from each polysome
fraction, relative mRNA distributions were assayed
by quantifying specific mRNAs in each fraction
using RT-qPCR analysis, and calculating their rela-
tive distribution (%) along the sucrose gradient. The
distribution of ACTB mRNA, encoding the house-
keeping protein ACTB (p-Actin), was monitored to
test overall translation in THP-1 cells treated with
either control lysates or P. falciparum lysates (uRBC,
iRBC), as well as under normal or silenced NF90
levels (Ctrl shRNA, NF90 shRNA) (Figure 5(b)). For
many of the mRNAs tested (Figure 5(c)), cells in the
iRBC lysate group displayed increased polysome
sizes and decreased 40S/60S/80S fractions. For exam-
ple, for CCL2 mRNA, the robust nonpolysomal peak
seen in fraction 2 of the uRBC group was diminished
in the iRBC group, while there was a compensatory
rise in the polysomal peaks at fractions 6 and 7 from
the uRBC group to the iRBC group. Comparable
shifts were seen for example for CCL8, CCL4, IL1B,
and IL8 mRNAs. These data suggested that exposure
to P. falciparum lysates enhanced the translation of
several key NF90 target mRNAs. In addition, for
many mRNAs, silencing NF90 shifted polysome
sizes to moderately larger forms; this was somewhat
apparent after uRBC treatment (e.g. for CCLS8
mRNA), but it was more apparent after iRBC treat-
ment (e.g. for CCL2, CCL8, CXCL10, TNF, CCL4,
and IL1B mRNAs). Together, these results suggested
that exposure to malaria antigens in iRBC lysates
increased the translation of several mRNAs, while
NF90 prevented excess translation.

Since the expression of these cytokines funda-
mentally affects the response of THP-1 cells to
P. falciparum antigens, we studied the role of
NF90 in regulating the expression of key players
of the immune response to malaria.

NF90 regulated CD14 expression in THP-1 cells

P. Falciparum antigens induce modifications of the
clusters of differentiation (CD) proteins expressed by
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Figure 5. Polysome distribution analysis of NF90 target mRNAs in response to P. falciparum antigens. (a) Cytoplasmic lysates from the
THP-1 cell populations described in Figure 1(a) that had been treated with uRBC or iRBC lysates for 48 h were fractionated through sucrose
gradients (10-50%), revealing the polysome traces shown. RNA was then extracted from fractions 1 and 2 (free RNA/RNPs), fractions 3 and
4 [ribosomal subunits (40S, 60S) and monosomes (809S)], fractions 5-8 [low-molecular-weight (LMW) polysomes], and fractions 9-11 [high-
molecular-weight (HMW) polysomes]; fraction 12 typically had little or no RNA. (b,c) The relative distribution of ACTB mRNA, expressing
a housekeeping protein (B-Actin), was assessed by RT-qPCR analysis and the relative levels of ACTB mRNA in each fraction (%) relative to
the total ACTB mRNA in the gradient was plotted in order to identify global changes in translation as a function of NF90 levels and
exposure to P. falciparum (b). The relative distribution from NF90 target mRNAs was assessed as described in (b) and plotted individually
for the mRNAs shown. The data are representative of two independent analyses yielding similar results.

antigen-presenting cells, such as monocytes. Surface
antigens CD14 and CD16, expressed on monocytes/
macrophages to elicit the innate immune response,
are widely wused as monocyte-macrophage

differentiation markers [32]. The percentages of
CD14" and CD16" THP-1 cells expressing normal
or reduced NF90 levels were assessed 48 h after
treatment with iRBC or uRBC lysates (Figure 6(a)).



As determined by measuring the populations in
quadrant Q1, lower percentages of CD14" THP-1
cells were recovered after treatment with iRBC
lysates compared with uRBC lysates; interestingly,
however, silencing of NF90 increased the abundance
of CD14" THP-1 cells, suggesting a role for NF90 in
this process (Figure 6(a,b)). CD16" THP-1 cells were
low or absent, as previously reported [32], in keeping
with the fact that CD16 identifies macrophages and
is low in monocytes.

Finally, we analyzed the general impact of NF90 on
the response of THP-1 cells. Supernatants from cells
exposed to malaria antigens (iRBCs vs uRBCs) were
used to measure cytokines and chemokines more
globally using a Bioplex instrument (Methods).
Exposure to malaria antigens increased the levels of
IL1B, IL8 and CCL4, in line with the pro-
inflammatory phenotype triggered by P. falciparum
antigens. Cells expressing reduced NF90 levels pro-
duced higher basal levels of IL1B and IL8 following
exposure to uRBC lysates and generally increased the
levels of IL1B, IL8 and CCL4, although the differences
only reached significance for IL1B (Figure 6(c)).
Unfortunately, other interesting cytokines were
below the detection level of the multiplex assay.

In summary, these results support a key role for
NF90 in regulating the production of immune
proteins in response to malaria antigens. Directly
or indirectly, NFOO modulates the expression of
these proteins by influencing different aspects of
RNA metabolism, including transcription, mRNA
turnover, and translation (Figure 6(d)). The RNAs
regulated by NF90 during the immune response to
malaria antigens are indicated (Figure 6(d)).

Discussion

We have investigated the impact of NF90, a protein
that binds RNA and DNA, on the gene expression
program of the monocytic leukemia cell line THP-1.
By RNA-seq analysis of THP-1 cells expressing nor-
mal or reduced levels of NF90, we found that NF90
influenced the abundance of a subset of mRNAs
encoding proteins that were strongly implicated in
the response of innate immune cells to malaria infec-
tion (Figure 1). The impact of NF90 on the abundance
of immune response factors reflected the various
types of control of gene expression, transcriptional
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and post-transcriptional, elicited by NF90 on pre-
viously reported targets [4,14].

Among those NF90-regulated mRNAs involved
in the response to malaria, NFO0 appeared to be
necessary for the transcriptional changes of several
mRNAs, including TNF, LILRB, and CCL2 mRNA
(Figure 3(a,b)). NF90 was reported to influence the
transcription of other immune genes, including
IL2 and IL13; the effect of NF90 on transcription
was likely via direct binding to promoter elements
or through indirect influence on other transcrip-
tional regulators. Whether NF90 influences the
transcription of immune-related genes in THP-1
cells by directly binding to regulatory regions or by
indirectly influencing the activities of other tran-
scription factors remains to be studied in molecu-
lar detail.

NF90 was also found to form a complex with some
of these mRNAs and influenced their stability and
translation, two connected processes. In this regard,
NF90 was previously shown to alter the turnover of
IL2 and VEGF mRNAs [6,14,15,17,18] and repressed
the translation of CCLI16 and IL8§ mRNAs in fibro-
blasts [16]. In this study, NF90 appeared to stabilize
some target mRNAs with which it interacted, includ-
ing CCL8 and CXCL11 mRNAs (Figure 3), although
at present we do not know the molecular details of
this influence. NF90 repressed the translation of sev-
eral interacting mRNAs (e.g. CCL2, CCL8, CXCL10,
TNF, CCL4, and IL1B mRNAs) (Figure 5), but this
effect also awaits mechanistic analysis. Whether NF90
modulates the half-lives and translation rates of these
mRNAs via direct binding and whether it competes or
cooperates with other decay/translation factors (e.g.
microRNAs or other RBPs) remains to be investigated
for each mRNA. In this regard, we recently reported
that BAFF mRNA was subject to translational repres-
sion by NF90 in cooperation with miR-15a [19],
whereas NF90 and HuR jointly increased the stability
of MKP-1 (DUSP1) mRNA [15]. Like other RBPs, the
different post-transcriptional outcomes of NF90 tar-
get mRNAs are likely a reflection of its combinatorial
interaction with other RBPs and microRNAs in the
cell; these interactions themselves depend on the cell
type and the specific RNP complexes forming on
a given mRNA during particular growth conditions.

To understand how NF90 influenced the immune
response to malaria infection, lysates of red blood cells
that had been infected (iRBC) or not (uRBCs) with
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P. falciparum were used as a surrogate of malaria
infection in THP-1 cells expressing normal or reduced
levels of NF90. The results (Figures 4-6) indicate that
NF90 affects the expression levels of several cytokines
in response to P. falciparum antigens, underscoring
the key role of NF90 in controlling the patterns of
proteins produced in the presence of malaria antigens.
For a number of genes (CXCL10, CXCL11, CCL2,
CCL8, and TNF), pre-mRNA, mRNA, and protein
levels were elevated by exposure to P. falciparum
lysates. The influence of NF90 and P. falciparum
lysates followed the trends in protein production for
most of these cytokines - CXCL10, CCL2, CCL8, and
CXCLI11 (Figure 4(f)) - but for TNF, protein secretion
did not follow the trend predicted by the changes in
TNF mRNA levels, since suppressing NFO0 reduced
TNF mRNA levels but increased TNF secretion
(Figure 4).

The influence of NF90 on the expression of TNF
and CCL2 was particularly interesting. For TNF,
both the presence of NF90 and exposure to
P. falciparum antigens increased TNF mRNA levels
[likely via transcription, as TNF pre-mRNA followed
the same abundance pattern (Figure 3(a,b))], but
TNF secretion was instead lower in the presence of
NF90 regardless of P. falciparum antigens (Figure 4).
Analysis of polysomes associated with TNF mRNA
helped to reconcile these observations, as polysome
sizes increased after silencing NF90 in the
P. falciparum antigen groups (iRBC, Figure 5). For
CCL2, NF90 similarly appeared to promote gene
transcription, as silencing NF90 lowered CCL2 pre-
mRNA and mRNA levels (Figure 3(ab)), while
NF90 seemed to promote CCL2 translation, as
CCL2 mRNA polysomes were slightly smaller when
NF90 was silenced in uninfected cells (Figure 5(c))
and CCL2 protein levels were strongly reduced
(Figure 3(d)). These sets of findings suggest that
for TNF and CCL2, NF90 may first control tran-
scription, and then possibly was loaded co-
transcriptionally onto the TNF and CCL2 pre-
mRNAs to modulate their post-transcriptional
fates. This dual regulation was previously shown in
T cells for another NF90 target, IL2 [6,33]. NF90
associated with the IL2 proximal promoter to pro-
mote transcription [34], and it bound the 3’UTR of
the transcribed IL2 mRNA [33] to control the
nuclear export of mature IL2 mRNA to the cyto-
plasm [4].
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These molecular changes were translated into
changes in cellular responses. The reduction of
CD14" THP-1 cells treated with iRBC lysates, com-
pared with uRBC lysates, mimicked the decline in
circulating CD14" monocytes observed previously in
individuals infected with P. falciparum [24,35], as
monocytes differentiate into macrophages and den-
dritic cells to respond to the infection. In this sce-
nario, NF90 appears to contribute to reducing
CD14" cells, since silencing NF90 elevated the
CD14" pool.

Collectively, our results indicate that NF90 can
function as both a positive and a negative regula-
tor of the transcription, mRNA stability, transla-
tion, and secretion of key immune factors
implicated in the response to malaria antigens.
Accordingly, NF90 can regulate positively some
cytokines (e.g. CCL2, CR1) and negatively other
cytokines (e.g. TNF, LILRB1). This versatility is
likely conferred by the ability of NF90 to bind
DNA and RNA, and interact functionally with
other RBPs and microRNAs. Whether NF90 phos-
phorylation or other post-translational modifica-
tions affect NF90 binding to target DNA/RNA or
its downstream function is unknown [2,4]. It
seems that NF90 may have a key role in fine-
tuning the production of immune factors in basal
conditions as well as in response to immune mod-
ulators such as malaria antigens. The findings in
this report provide a framework for deeper inves-
tigation of the impact of NF90 on the immune
response to malaria antigens and for efforts to
identify therapeutic modulators of NF90 function.

Methods
Cell culture

The human acute monocytic leukemia cell line
THP-1 was cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum and
antibiotics. THP-1 cells expressing normal levels
or low levels of NF90 (Ctrl or NF90 shRNA)
used in this study were described previously
[19]. Primary PBMCs were purified from geno-
typed healthy human donors from the Sardinia
cohort [20] and cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum and
antibiotics.
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Western blot analysis

Whole-cell lysates were prepared in RIPA buffer,
size-fractionated through 4-12% gradient polyacry-
lamide gels (Thermo Fisher Scientific), and trans-
ferred to a nitrile membranes (Biorad). Membranes
were incubated for 16 h with primary antibodies
recognizing NF90 (BD Transduction Laboratories),
HSP90, ACTB (Santa Cruz Biotechnology), LILRBI1,
CR1, CXCLI10 or TNF (Abcam). Secondary antibo-
dies conjugated with horseradish peroxidase (HRP)
(Kindle Biosciences) were detected by enhanced che-
miluminescence (Kevik).

Analysis of polysome gradients

For polysome analysis, lysates were prepared from
THP-1 cells (Ctrl or NF90 shRNA; treated with
lysates from uRBCs or iRBCs) and incubated with
0.1 mg/ml cycloheximide for 10 min. Cytoplasmic
extracts were then fractionated through a linear
sucrose gradient [10-50% (w/v)] as previously
reported [36]. Fractions were collected using
a fraction collector and monitored by optical density
measurement (A,s4) (Brandel). The RNA in each
fraction was isolated and the relative enrichment
analyzed using RT-qPCR and the primers listed
(Supplementary Table S2).

Preparation of P. falciparum-infected red blood
cell (RBC) lysates

Lysates were prepared from red blood cells that
had been infected with P. falciparum (iRBC) or
were left uninfected (uRBC), as previously
described [37]. Briefly, P. falciparum parasites
were maintained in fresh human O®™ erythro-
cytes at 3% hematocrit in RPMI 1640 medium
(KD Medical) supplemented with 10% heat-
inactivated O™ human serum, 7.4% sodium
bicarbonate (GIBCO, Invitrogen) and 25 pg/ml of
gentamycin (GIBCO, Invitrogen), at 37°C in the
presence of a gas mixture containing 5% O,, 5%
CO, and 90% N,. Mycoplasma-free cultures of
iRBCs at schizont stage were isolated using mag-
netic columns (LD MACS Separation Columns,
Miltenyi Biotec). Lysates of P. falciparum (iRBCs)
were obtained by three freeze-thaw cycles in liquid
nitrogen and 37°C water bath. THP-1 cells

expressing normal levels (Ctrl shRNA) or low
levels of NF90 (NF90 shRNA) were treated with
iRBC or uRBC lysates for 48 h; conditioned media
and cell pellets were collected for analysis.
Conditioned media were used for human cytokine
analysis with the Bio-Rad Bio-Plex Pro Human
Cytokine 17-plex assay according to the manufac-
turer’s instructions (Bio-Rad Laboratories). The abun-
dance of CCL2, CCL8, TNF, CXCL10, CXCL11 was
quantified from conditioned media using specific
ELISA kits (R&D Systems and Lifespan Biosciences).

RNA isolation, reverse transcription
(RT)-quantitative (q)PCR analysis and RNA
sequencing

RNA was isolated from THP-1 cells using the
TriPure isolation reagent (Roche) following the
manufacturer’s protocol. Total RNA was reverse-
transcribed (RT) into cDNA using Maxima reverse
transcriptase (Thermo Fisher) and random hexam-
ers, and subsequently analyzed by quantitative (q)
PCR analysis using SYBR Green mix (Kapa
Biosystems). The relative levels of RNA were calcu-
lated by the 2-ACt method and 18S rRNA levels
were calculated for normalization. Gene-specific
primer pairs are listed in Supplementary Table S2.
For RNA sequencing, RNA integrity was assessed
by using the Agilent Bioanalyzer 2100, and only
samples with clean rRNA peaks were used for sub-
sequent steps. Libraries for RNA-seq were prepared
according to KAPA Stranded RNA-Seq Kit with
RiboErase (KAPA Biosystems, Wilmington, MA)
system. Paired-end sequencing was performed on
an Illumina HighSeq 4000 instrument (Illumina
Inc., San Diego, CA).

Immunoprecipitation of ribonucleoprotein (RNP)
complexes (RIP analysis)

Lysates of THP-1 cells were prepared using PEB
buffer (10 mM Hepes, 100 mM KCl, 5 mM MgCl,,
25 mM EDTA, 0.5% IGEPAL, 2 mM DTT, 50 U/ml
RNase out and protease inhibitors); after clarifica-
tion, 200 ug of lysates were incubated (2 h, 4°C) with
a suspension of protein-A Sepharose beads pre-
coated overnight with 5 pg of a specific antibody or
normal IgG (BD Transduction Laboratories) as
a control. Following incubation, the beads were



washed with NT2 buffer (50 mM Tris-HCI pH 7.5,
150 mM NaCl, 1 mM MgCl,, 0.05% IGEPAL) and
then treated with RNase-free DNase I (15 min, 30°
C). RNA levels were assessed by RT-qPCR analysis
using the primers listed in Supplementary Table S2;
after normalization to 18S rRNA levels, enrichments
were calculated as the relative abundance of a given
mRNA in NF90 IP compared to IgG IP.

Analysis of mRNA stability by actinomycin
D assays

THP-1 cells were serum-starved overnight, then
incubated with Actinomycin D (Act D; 2.5 pg/ml)
to block de novo transcription. Cells were harvested
at subsequent time intervals (0, 2, 4 and 6 h) and
total RNA was extracted and processed as described
by RT-qPCR analysis. Data from Act D assays were
processed using the Prism3.03 software to assess
mRNA decay curves. Error bars represent the
SEM of three independent experiments.

FACS analysis

THP-1 cells were washed in PBS with 1% BSA
(bovine serum albumin) and incubated for 20 min
at 4°C with Fc receptor Blocker (BD Biosciences).
Subsequently cells were incubated 20 min at 4°C
with fluorescently labeled antibodies specific for
CD14-PerCP/Cy5.5 (M5E) and CDI16-PE pur-
chased from BD Biosciences. FACS analyses were
performed on a BD FACSCanto™ (BD Biosciences)
and analyzed using Flow]Jo software (Tree Star, Inc).

Statistical analysis

Statistical significance was determined using two-
tailed t-tests, as indicated in the Figure legends.
Values were considered significant when p < 0.05.
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