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Abstract

Type I interferon (IFN) contributes significantly to innate immune responses to pathogen infections in macrophages. Our previous
studies demonstrate that Ubp43, an ISG15-specific isopeptidase, is highly expressed in macrophages and noncatalytically inhibits Type
I IFN signaling. To understand the effect of Type I IFN and Ubp43 in macrophage activation, we analyzed the expression of IFN-f
stimulated genes in wild-type and Ubp43~'~ bone marrow derived macrophages (BMM:s). Here, we show that Ubp43 regulates IFN-p
stimulated genes at genome level. IFN hypersensitivity of Ubp43~'~ BMMs resulted in the identification of 749 unique genes that are
upregulated by IFN-B, including a large group of previously unidentified IFN-stimulated genes. Functional analyses of these genes
showed that Type I IFN strongly induced the expression of a group of immune response related genes, including genes for antigen pre-
sentation, antiviral responses, and chemokine and cytokine production. These results provide excellent biochemical support for the high
resistance of viral and bacterial infection of Ubp43 knockout mice, suggesting that Ubp43 is a potential therapeutic target for the enhance-

ment of immune responses against infections.
© 2007 Elsevier Inc. All rights reserved.
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Ubp43 (Uspl8) is a member of the ubiquitin specific
protease (USP) family [1]. A substrate specificity study
indicated that Ubp43 preferentially removes ISG15 from
its conjugates, compared to ubiquitin, SUMO, and Nedd8
conjugates [2]. The generation and analysis of Ubp43~'~
mice showed a severe phenotype including premature death
[3], hypersensitivity to double stranded RNA Poly(I-C)
treatment [4], and resistance to certain viral and bacterial
infections [5,6]. We reported previously that Ubp43 defi-
cient cells are hypersensitive to Type I IFN stimulation
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[4] and Ubp43 inhibits IFN signaling through the interac-
tion with IFN receptor and independently of its ISG15 iso-
peptidase activity [7].

Among various hematopoietic cell lines tested, mono-
cyte/macrophage lines exhibited the highest level of
Ubp43 expression [1]. In normal adult mice, the highest
level of murine Ubp43 expression was detected in thymus
and macrophages, indicating that Ubp43 plays an impor-
tant role in macrophages [1]. Recent study showed that
IFN-B contributes significantly to LPS mediated signaling
[8] and it is believed that Type I IFN also contributes to
LPS induced macrophage activation. To understand the
effects of Ubp43 on IFN signaling at genome level and to
investigate the role of Type I IFN in macrophage immune
responses, we treated wild-type and Ubp43~'~ BMMs with
IFN-B and compared IFN induced transcriptional


mailto:dzhang@scripps.edu

194 W. Zou et al. | Biochemical and Biophysical Research Communications 356 (2007) 193—199

profiling. We not only observed the IFN hypersensitivity in
Ubp43~'~ BMMs, which has broad spectrum effects on
most, if not all, IFN stimulated genes, but also revealed sig-
nificant numbers of previously unrecognized IFN-p-stimu-
lated genes. Most importantly, functional analyses of these
genes showed that a group of immune response related
genes, including genes involved in antigen presentation,
antiviral responses, and chemokine and cytokine produc-
tion, were strongly induced by Type I IFN in Ubp43~'~
BMMs. These results provide strong biochemical support
of the high resistance to viral and bacterial infection of
Ubp43 knockout mice, suggesting that Ubp43 is a potential
therapeutic target for the regulation of immune responses.

Materials and methods

Mice and cell culture. The generation of Ubp43~'~ mice and the culture
of primary BMMs has been described previously [3,5].

Microarray analysis. BMMs were treated with mouse IFN-f (ICN
Pharmaceuticals, Cleveland, OH) (100 U/ml) for different times as indi-
cated in the figure legends. RNA was extracted using RNA Bee reagent
according to the manufacturer’s instructions (Tel-test), purified using
Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA). Purified RNAs were
converted to double-stranded cDNA with a SuperScript kit (Gibco-BRL)
and an oligo-dT primer containing a T7 RNA polymerase promoter
(Genset). Biotin-labeled cRNAs were generated from the cDNA samples
by in vitro transcription with T7 RNA polymerase (Enzo kit, Enzo
Diagnostics). The labeled cRNAs were fragmented to an average size of
35-200 bases by mild alkaline treatment at 94 °C for 35 min. Labeled
cRNA were hybridized to Affymetrix Mouse Genome 430A 2.0 arrays
(Affymetrix, Santa Clara, CA) in accordance with the procedures estab-
lished by Affymetrix (Affymetrix Gene ChipR Expression Analysis Tech-
nical Manual). The experiment was performed in duplicate to minimize
artifact. Robust Multichip Average (RMA) was used to convert the
intensity values to expression values [9,10]. RMA consists of a three-step
approach that uses a background correction on the PM data (Perfect
Match), a quantitative normalization and a summarization of the probe
set information by using Tukey’s median polish algorithm. “Present” and
“Absent” calls were calculated in the R software package as implemented
in the Affymetrix Microarray Suite version 5. This algorithm performs a
Wilcoxon signed rank-based gene expression to make ‘““Present” and
“Absent” calls. Genes were filtered out which have “Absent” calls for all
samples. The expression values of the remaining probe sets were analyzed
using dChip2006 software, which is freely available to academic users
(http://biosunl.harvard.edu/~cli/dchip2006.exe). To identify IFN stimu-
lated genes, the genes with a difference in expression values between IFN
treated and untreated groups > 100, a fold change > 2 and a p value < 0.05
were considered as genes showing significant differential expression. The
hierarchical clustering algorithm was performed among the standardized
expression values of identified genes in wild-type and Ubp43~'~ BMMs
together. The identified genes were annotated to unique genes using
ingenuity pathway analysis (Ingenuity Systems, Mountain View, CA)
(http://www.analysis.ingenuity.com/). If a single gene is presented by
multiple probes, only one probe was randomly picked and used for sub-
sequent analysis. Grouping of genes into different biological functions was
performed using the David database (http://david.abce.nciferf.gov),
Ingenuity Pathway Analysis and literature search.

Northern blotting. Total RNA from BMMs was isolated using RNA
Bee reagent according to the manufacturer’s instructions (Tel-test). This
set of RNA is independently prepared and different from the RNA used in
Microarray analysis. Ten micrograms of total RNA from each time point
was separated in an agarose/formaldehyde gel (0.22 M), blotted on
Hybond N+ membrane (Amersham Biosciences), and probed with
32p_labeled cDNAs, which were labeled with Prime-It I Random Primer
Labeling Kit (Stratagene) using partial cDNA fragments as a template.

The partial cDNA fragments were obtained by PCR amplification using a
c¢DNA library prepared from IFN treated mouse BMMs as a template.
The primers used were IRF7: 5’'atggctgaag tgaggggget3’ and 5'tcaaggecac
tgacccaggt3’; OAS2: 5'atgggaaact ggctgactgg3’ and 5'ttgagatcca catagac
aca3’ GBPIl: 5’atggcctcag agatccacat3’ and S'ccattgactg tgatgectec3’;
IRF1: 5'atgccaatca ctcgaatgeg3’ and 5'ctatggtgea caaggaatgg3’; Mxl:
S’agctgaatga gggagaggag3d’ and S'gaagaactct gaaatgaggg3’; Ly86:
S’gggaacatct gtcectggageta3’ and 5'ccattgacca gtgttccaageagl3’; HDACH:
S’cectecteat ctgagtecgagaa3’ and 5'gtttcaactt geccatgetgatg3’; Gadd4Sy:
S’atgactctgg aagaagtccg3d’ and  S'tcactcggga  agggtgatge3’;  Lipg:
S’ccagtcaacc accacgacgttag3’ and 5’aaagcccaaa ccaaaaacctget3’; P8:
S'gttcttttgg  gggctgtettect3’ and  S'cecttcccag  caacctctaaacc3’; 5-Mar:
S’aacagactcg tcaggatgagagg3’ and 5'atgccggacc aageccttcaaca3’; Gnb4:
S’atgagcgage tggagcagetd’ and S'tcaattccag attctaagaa3’; Serpina3y:
S'ggatgagaag aggtctgtgad’ and 5'ataaagaggg caatgtgage3’. As a loading
control, 28S rRNA of the same set of experiments was shown.

Results

Ubp43~'"~ BMM showed higher and extended expression of
IFN stimulated genes

Macrophages play important roles in immune response
and are the major defense against different pathogens
[11]. Our previous study showed that Ubp43 was highly
expressed in macrophages, suggesting that Ubp43 plays
an important role in macrophage function [1]. To under-
stand the effect of Type I IFN on macrophage activation
and to analyze the expression of IFN stimulated genes
altered in the absence of Ubp43, we performed GeneChip
analysis to study IFN-f induced transcriptional profiling
in BMMs from wild-type and Ubp43~'~ mice. We treated
macrophages from wild-type and Ubp43~'~ mice with
IFN-B for different times and performed Affymetrix Mouse
Genome 430A 2.0 array, which can simultaneously exam-
ine the expression of 45,000 different probe sets. First, we
compared the data from the IFN-f untreated and treated
BMMs from wild-type mice. According to the criteria out-
lined in Materials and methods, dChip2006 Compare Sam-
ple procedure allowed the identification of 110 significant
probe sets upregulated in wild-type BMMs treated with
100 U/ml IFN-B for 6 h. These 110 probe sets represent
77 unique known genes. As shown in Fig. 1, most of the
77 unique genes showed the highest expression at 6 h in
the IFN-B treated wild-type cells, followed by a decrease
in expression by 24 h and a significant decease at 48 h. In
contrast, Ubp43~'~ BMM showed significantly higher
upregulation of all of these identified IFN stimulated genes
at 6 h as compared to the wild-type cells. Induction of these
genes was also prolonged, reaching its highest expression
level at 24 h or even 48 h (for some genes). In summary,
Ubp43 deficiency in BMMs leads to a significant enhance-
ment of overall expression of ISGs when compared to the
wild-type BMMs.

Identification of IFN stimulated genes in Ubp43~'~ BMMs

The gene expression profiles in Fig. 1 demonstrated
that Ubp43 deficiency in BMMs generally enhanced the
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Fig. 1. Hierarchical clustering analyses. Seventy-seven unique known genes were found to be up-regulated by IFN- in wild-type BMMs at 6 h after
100 U/ml IFN treatment. The genes are ordered by clustering tightness. Each row represents a single Affymetrix probe set. Each column represents a

sample treated with 100 U/ml IFN for indicated time.

expression of genes that are induced by IFN in wild-type
cells. It was hypothesized that analyzing the transcrip-
tional profile of IFN treated Ubp43~'~ BMMs would
show clearer effects of IFN on BMMs. We compared
the data from IFN-B treated Ubp43~'~ BMMs with the
one from untreated Ubp43~'~ BMMs. dChip2006 Com-
pare Sample procedure identified 1270 different probe
sets, which were upregulated by IFN-B treatment in
Ubp43~'~ BMMs at least at one time point (Fig. 2A).
This total of 1270 probes out of 45,000 probes, or roughly
3% of total probes, was a higher percentage than the ratio
estimated in other cell lines [12]. On the basis of the anno-
tation information from Ingenuity system, these 1270
probes were mapped to 749 known unique genes (See
Supplementary data table Part 1). The expression of all
749 genes was induced by IFN treatment in Ubp43~'~

BMMs. Some genes also showed IFN induction in wild-
type cells, however, to a less degree than in Ubp43~'~ cells
(Fig. 2B). These 749 genes include many previously
reported IFN stimulated genes, such as 0OAS2, IFITI,
IFIT3, ISG15, STATI, ISG20, and UBEIL. We searched
the IFN Stimulated Gene Database (http://www.lerner.
ccf.org/labs/williams/oligo.cgi) [12,13] and found that at
least 100 different genes overlapped between our list and
this database. We ranked all 749 genes according to the
clustering tightness of hierarchical clustering analysis
(Fig. 2B), which ordered the same pattern of expression
together, and marked the overlapped genes in the list
(Fig. 2B and Supplementary data table Part 1). The over-
lapped genes, which can be used as “guideposts™, are spo-
radically distributed in the whole table, validating the
IFN induction of other genes in the list.
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Fig. 2. IFN inducible gene expression in Ubp43~'~ macrophages. (A) A summary of the subsequent analysis for the identified 1270 probe sets, which were
found to be up-regulated in Ubp43~'~ BMM:s after 100 U/ml IFN-p treatment for 6, 24, or 48 h. (B) Hierarchical clustering of 749 unique genes from 1270
probes, which are found to be up-regulated by IFN-B in Ubp43~'~ BMMs at 6, 24, or 48 h after 100 U/ml IFN treatment. The genes are ordered by
clustering tightness. Each row represents a single Affymetrix probe set. Each column represents a sample treated with 100 U/ml IFN-B for indicated time.

Confirmation of gene induction

Comparing IFN treated wild-type murine embryonic
fibroblasts (MEFs) with Ubp43~'~ cells , Knobeloch et al.
detected prolonged expression of two ISGs, IRF7 and
2’5" oligoadenylate synthetase [14]. However, the expres-
sion of three other IFN-induced genes, GBP1, IRF1, and
Mx1, remained unaffected [14]. All five genes were in our
list as ISGs in Ubp43~'~ BMM. To confirm the Microarray
data, we did Northern blot analysis to examine the expres-
sion of 13 different genes. Firstly, we examined the expres-
sion of these five genes by Nothern blot analysis. As shown
in Fig. 3A, all five genes were induced by IFN in wild-type
cells and the expression of all five genes was significantly
increased and prolonged in Ubp43~'~ BMMs. The differ-
ence between the data obtained in this study and that pre-
viously reported by Knobeloch et al. could possibly be
from the difference in cell lineages used for the analysis.
Both studies used 100 U/ml IFN-B and it is believed that
the IFN sensitivity of macrophages is higher than fibro-
blasts. At the same time, other unknown reasons could
possibly explain the observed discrepancies, such as cell
culture conditions.

We also checked the expression of eight additional
genes, which were randomly picked from our ISG list.
Among them, only HDACI is present in the IFN Stimu-
lated Gene Database [12,13]. The other seven genes, Serp-
ina3y, Gadd45y, Gnb4, Ly86, Lipg, P8, and 5-Mar were
identified as IFN-stimulated genes in Ubp43 cells in this
study and were absent from the IFN Stimulated Gene
Database. As shown in Fig. 3B, the expression of all tested
genes was highly induced and prolonged in Ubp43~'~ cells.
Interestingly, according to our standard of Microarray
analysis, the IFN induction of some genes is only identified

in Ubp43~'=~ BMM but not in wild-type cells. However, the
Northern blot analysis revealed that the expression of these
genes also appears to be IFN-inducible in wild-type cells.
As shown in Fig. 2B, most of identified genes were also
slightly induced by IFN-B in wild type cells and the fold
changes of expression values might be less than 2. How-
ever, the IFN hypersensitivity of Ubp43~'~ cells makes it
possible to detect these genes by using our reasonably strict
standard.

Type I IFN strongly increases the expression of immune-
response related genes in Ubp43 deficient macrophages

Ubp43 deficiency significantly increased gene expression
in response to IFN stimulation and allowed the identifica-
tion of a large group of previously unrecognized genes
involved in the IFN response. To understand the effect of
Type 1 IFN on Ubp43~'"~ BMMs, we used these genes
(see Supplementary table Part 1) as a starting point and
performed global function analysis using gene ontology
built from experimental evidence compiled in the David
2006 database [15]. The most significant functional group
of genes was found to lie within immune or host defense
response (82 genes, p value =2.17E—15), in accordance
with the known primary functions of macrophages, that
play an important role in immune responses and in inflam-
matory diseases [16]. We further classified 82 immune
response-related genes into different groups based on the
gene ontology of the David 2006 database (see Supplemen-
tary data table Part 2), which include fourteen genes
involved in the antigen presentation category, 14 genes
directly related to the response to viral infection, and a
variety of genes related to chemokine and cytokine activity
(Fig. 4).
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Fig. 3. Verification of the IFN hypersensitivity of gene expression in Ubp43~'~ BMMs by Northern blotting analysis. Wild-type and Ubp43~'~ BMMs
were either untreated or treated with 100 U/ml IFN-B for 6, 24 and 48 h. Total RNA was isolated and subjected to Northern blot analysis using cDNA
probes for IRF7, OAS2, GBP1, IRFI1, Mx1, HDACI, Ly86, Gadd45y, Lipg, P8, 5-Mar, Gnb4, and Serpina3y. Relative RNA loading was evaluated by
the amount of 28S rRNA.
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Fig. 4. Functional classification and analyses of immune responses related genes induced by IFN-B in Ubp43~'~ macrophages. Each row represents a
single Affymetrix probe set. Each column represents a sample treated with 100 U/ml IFN-B for indicated time.

Discussion induced by IFN in wild-type cells. The IFN hypersensitivity
of Ubp43~'~ BMMs made it possible to detect a spectrum of
In this study, large-scale analyses of ISGs expression dem- IFN inducible genes, including a large group of previously

onstrated that Ubp43 deficiency in BMMs generally  unidentified IFN stimulated genes. Functional analyses
enhanced and prolonged the expression of genes that are  demonstrated that in Ubp43~'~ BMMs Type I IFN can
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strongly induce the expression of immune response related
genes including genes for antigen presentation, anti-viral
function, and chemokine/cytokine activity. It is known that
macrophages participate in the initiation of many antigen-
specific immune responses via antigen presentation to T
and B lymphocytes [11]. MHC proteins play important roles
in macrophage antigen presentation and IFN-y induce the
expression of MHC proteins [17]. However, the role of Type
I TFN in the expression of MHC proteins is less known. Our
data showed that IFN-J also induce the expression of MHC
proteins including MHC class two proteins H2-D1, H2-QS8,
H2-T10, H2-T22, HLA-DOA and class I proteins, HLA-A
and HLA-E, suggesting that IFN-B could also be involved
in macrophage activation and supporting a role for IFN-f
in virus and bacteria induced macrophage activation.
Ubp43~'~ mice demonstrated greater resistance to the
cytopathic effects caused by a number of viruses including
lymphocytic choriomeningitis virus (LCMV), vesicular sto-
matitis virus (VSV), and Sindbis virus (SNV) [18]. Besides
14 antigen presentation related genes, there are 14 genes
directly related to the response to viral infection (Fig. 4
and See Supplementary data table Part 2). Among these
14 genes, IL-15 is well known to be induced by IFN-o/p
and required for the maintenance and/or accumulation of
proliferating NK cells during murine cytomegalovirus
infection [19]. Mx1 and Mx2 have been shown to inhibit
viral transcription by interacting with RNA polymerase
subunit PB2 [20]. Another protein is ISG15 (G1P2), which
has been shown to be an antiviral protein against Sindbis
virus and HIV-1 [21,22], although the molecular mecha-
nism remains unknown. TLR3 (Toll like receptor 3) partic-
ipates in the innate immune response via recognition of
double stranded RNA. It has been reported that Type I
IFNs enhance TLR3 mediated anti-viral cytokine expres-
sion by up-regulating TLR3 expression [23]. The expres-
sion level and duration of all anti-viral genes mentioned
above were dramatically augmented in Ubp43~'~ BMM:s
(Fig. 4), explaining the greater degree of viral-resistance
found in Ubp43~'~ mice [18]. Importantly, some new anti-
viral genes have been identified as IFN-f stimulated genes
in our study, such as TLR7 (Toll like receptor 7). TLR7
recognizes single-stranded RNA and is involved in innate
antiviral responses by mediating influenza virus A induced
IFN production [24]. In this study, we showed that IFN
can induce TLR7 expression, which in its turn may cause
positive feedback during single stranded RNA viral infec-
tion and expand the anti-viral functions of IFN.
Chemokines and cytokines play a critical role in the
immunomodulatory function of macrophages. There are
two types of chemokines; the CXC type in which a non-
conservative amino acid is located between the first two
cysteines and the CC type where these residues are juxta-
posed [25]. CXC chemokines are chemotactic for neutro-
phils and CC chemokines recruit T cells and monocytes
[25]. Our data showed that a variety of CXC (CXCLI10,
CXCL11) and CC chemokines (CCL2, 3, 4 and 5) as well
as CC chemokine receptor (CCRL2) are induced by IFN-

B in Ubp43~'~ BMMs (Fig. 4 and See Supplementary data
table Part 2). Besides chemokines, several members of the
tumor necrosis factor (TNF) family (TNFSF8, TNFSI10,
FAS) and interleukin family members (IL6, ILF9, 1L10,
IL12B, IL15, IL18) are induced by IFN-B in Ubp43~'~
macrophages. Their roles in IFN- mediated macrophage
function remains to be elucidated.

Although there are arguments about the effect of Ubp43
deficiency on the IFN signaling pathway and the expres-
sion of IFN stimulated genes [14], our present study using
Microarray analysis reveals that Ubp43 deficiency in
BMMs generally enhanced the expression of genes that
are induced by IFN in wild-type cells. The IFN hypersen-
sitivity of Ubp43~'~ cells and subsequent higher induction
of immune response related genes in Ubp43~'~ cells
(Fig. 4) provide a biochemical mechanism in support of
the strong resistance to viral and bacterial infections
observed in Ubp43~'~ mice [5,6]. A recent study showing
that knock down of UBP43 by siRNA in human cells
enhances the ability of IFN to inhibit HCV-RNA replica-
tion and infectious virus particle production also supports
the enhanced anti-viral effects of Ubp43~'~ mice [26]. In
conclusion, Ubp43 is a potential therapeutic target for
the enhancement of immune responses.
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