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Both the core JAK-STAT pathway components and their in vivo roles have been widely conserved between vertebrates
and invertebrate models such as Drosophila melanogaster. Misregulation of JAK-STAT pathway activity has also been
identified as a key factor in the development of multiple human malignancies. Recently, whole genome RNA interference
(RNAI) screens in cultured Drosophila cells have identified both positively and negatively acting JAK-STAT pathway
regulators. Here, we describe the analysis of 73 human genes representing homologs of 56 Drosophila genes originally
identified by genome-wide RNAi screening as regulators of JAK-STAT signaling. Using assays for human STAT1 and STAT3
protein levels and phosphorylation status, as well as assays measuring the expression of endogenous STAT1 and STAT3
transcriptional targets, we have tested siRNAs targeting these 73 human genes and have identified potential JAK-STAT
pathway regulatory roles in 69 (95%) of these. The genes identified represent a wide range of human JAK-STAT pathway
regulators and include genes not previously known to modulate this signaling cascade. These results underline the value
of model system based approaches for the identification of pathway regulators and have led to the identification of loci

whose misregulation may ultimately be implicated in JAK-STAT pathway-mediated human disease.

Introduction

The accurate, timely and proportionate regulation of a small
number of evolutionarily conserved signal transduction cascades
is essential for embryonic development and adult life." However,
while the components central to most signaling pathways have
been identified, the regulators of pathway activity required in
vivo are less well known. One example of such a signal trans-
duction pathway is the JAK-STAT signaling cascade, named after
its two central components, the Janus kinase (JAK) and the
Signal Transducer and Activator of Transcription (STAT).>?
In vertebrates, four JAK-like genes (JAK1-3 and Tyk2) and
seven STAT transcription factors (STAT1-4, 5a, 5b and 6) have
been identified. These have been shown to function in a range
of processes including development, cellular proliferation and
response to infection.” In the canonical model of pathway
activation, binding of an extracellular ligand to a trans-membrane
receptor activates a receptor-associated JAK tyrosine kinase.
Following activation, JAK phosphorylation of the receptor
complex provides docking sites for STAT transcription factors,
which are themselves phosphorylated on a conserved C-terminal
tyrosine residue. STAT molecules activated in this manner
translocate to the nucleus where they bind to DNA within the
promoters of pathway target genes to activate transcription.*
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In vertebrates, JAK-STAT pathway signaling can be modulated
by many different ligands leading to the specific activation of
STATs with distinct biological consequences. For example, the
interferon family of ligands activates STAT1 and STAT2 via
JAKI and JAK2. This in turn induces the expression of target
genes including GBPI and other cytokines.” The cellular func-
tions mediated by STAT1 include potent anti-proliferative and
pro-apoptotic responses, tumor immuno-surveillance® and res-
ponses to viral infection.” By contrast, constitutive activation of
STAT3, as well as STAT5A and 5B, can result in oncogenic
cellular responses with multiple tumors and tumor-derived cell
lines displaying high levels of phosphorylated-STAT3 activity.®
During normal cellular processes, ligands such as Interleukin 6
(IL-6) and Oncostatin M (OSM), also acting via JAKI, lead to
STAT3 phosphorylation and the expression of specific target
genes including SOCS3.” Interestingly, the proliferative and anti-
proliferative functions performed by different STATSs in verte-
brates can be exerted by the single STAT protein present in
Drosophila melanogaster."

In addition to the core pathway components, ligands and
receptors a number of ‘non-core’ pathway regulators have also
been identified. These include the SOCS proteins, such as the
pathway target gene SOCS3, which act to negatively regulate the
stimulated receptor/JAK complex forming negative feedback loops
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that reduce the duration and intensity of pathway activation."
In addition, the PIAS proteins and the SHP1/2 tyrosine phos-
phatases also act as negative regulators of pathway activity.'?
However, although understanding of these factors has advanced
significantly in recent years, a comprehensive search for novel
modulators of vertebrate pathway activity has not been under-
taken and it remains likely that a number of regulatory mechan-
isms are yet to be identified.

To circumvent the difficulties inherent in screening the
vertebrate genome for regulators of the high complexity and
semi-redundant JAK-STAT pathway, we have previously used
Drosophila melanogaster to undertake a whole-genome cell culture
based RNAI screen. This approach led to the identification and
validation of 90 Drosophila regulators of JAK-STAT pathway
signaling including 66 positive and 24 putative negative pathway
regulators. Many of these show in vivo, genetic and molecular
interactions consistent with their proposed role in pathway
signaling."> One of the central tenets of this approach was the
anticipation that low levels of genetic redundancy within the
Drosophila genome would allow the identification of factors that
might not otherwise be detected in similar vertebrate screens. At
the same time, it was anticipated that the regulatory activities
identified in Drosophila would have been evolutionary conserved
with homologous gene-products exerting specific effects on the
JAK-STAT pathways of vertebrate systems.

In this report we ask whether factors important for JAK-STAT
signal transduction in Drosophila are required for the activity
of one or more of the STATSs that make up the human pathway.
We identified 73 human genes, which represent putative homo-
logs of 56 Drosophila genes previously identified as pathway
modulators.”” Using siRNA approaches in human HeLa cells, we
knocked down the activity of these genes and, using phosphory-
lation and transcriptional assays for STAT1 and STAT3, have
identified 67 human pathway regulators. The loci identified
include genes encoding components of the endocytic machinery,
chromatin remodeling enzymes and protein-modifying enzymes,
which may provide post-translational modifications important
for pathway activity.

This study highlights the strength of systematic cross-species
approaches for the identification of cancer-pathway regulators and
serves as a starting point for future analysis of potential disease-
related molecules.

Results

STAT phosphorylation assays. One essential pre-requisite for
canonical JAK-STAT pathway activity is the phosphorylation of a
conserved tyrosine (Y) residue present in the C-terminal region of
all STAT transcription factors. This post-translational modifica-
tion is both essential for, and indicative of, pathway activation.'*
Using HeLa cells as a tractable and representative human cancer-
derived cell line, we therefore set out to assess the phosphoryla-
tion state of endogenous STAT1 and STAT3 as stimulated by
upstream pathway components and receptors endogenously
expressed in these cells. Both STAT1 and STAT3 are expressed
in unstimulated cells with STAT3 S726 phosphorylation'” and
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low levels of STAT3 Y705 phosphorylation also detected in the
absence of exogenous ligand (Fig. 1A). In order to determine the
most appropriate pathway ligands we treated cells with IL-2, IL-3,
IL-6, IL-6 with soluble IL-6 receptor (IL-6R), Interferon gamma
(IFN-y) and OSM for 15 min (Fig. 1A). While stimulation with
IL-2 and IL-3 have no effect on either STAT, IL-6 + IL-GR,
IFN-y and OSM all result in a strong increase in the relative level
of STAT1 phospho-Y701 (pSTAT1). Similarly, stimulation with
IL6, IL-6 + IL-6R and OSM causes the phosphorylation of
Y705 of STAT3 (pSTAT3). Based on these results we therefore
focused on IFN-y as a mediator of STAT1 stimulation and OSM
as a mediator of STAT3.

In order to check the feasibility of using siRNA-mediated
knockdown of JAK-STAT pathway regulators in conjunction
with pSTAT1 and pSTAT3 assays we also set up experiments
using either control siRNAs or siRNA pools knocking down
known pathway components. Allowing 3 d for protein depletion,
JAKI knockdown reduces the intensity of both pSTATI and
pSTAT3 detectable after ligand stimulation while siRNAs
targeting the individual STAT transcripts specifically reduce both
phosphorylated and non-phosphorylated forms (Fig. 1B and C)
indicating that knockdown of genes known to modulate STAT
phosphorylation can be identified by this approach.

It should however be noted that although tyrosine phosphory-
lation of STATSs is required, it is not necessarily sufficient for
transcriptional activity. Other post-translational modifications
have been identified that modulate the transcriptional potential of
activated STAT molecules.' Conversely, constitutively phospho-
rylated dominant-negative mutations of Drosophila STAT92E
have also been identified that are incapable of stimulating target
gene transcription.'®

Transcriptional assays. Although tyrosine phosphorylation of
vertebrate STATSs is essential for their activity, the principal
biological consequence of JAK-STAT pathway stimulation is a
change in pathway target gene expression.>” We therefore set
out to measure the expression of endogenous target genes driven
by native promoters in their normal chromatin context, thereby
avoiding the limitations of transiently transfected reporters.'> We
first tested nine endogenous genes previously reported to be
STAT transcriptional targets’ for their potential suitability as
pathway activity reporters. We stimulated with IL-6 and OSM to
activate STAT3 and IFN-y to activate STAT1 target genes and
measured mRNA levels expressed relative to f-ACTIN (Fig. 2A).
Of the target genes tested, IFN-y-induced GBPI and OSM-
induced SOCS3 expression were most suitable as reporters for
STAT1 and STAT3 activity respectively. However, while large
increases in GBPI expression are elicited by IFN-y stimulation,
the fold increase in SOCS3 expression elicited by OSM is less,
with IFN-y also leading to increased SOCS3 mRNA levels
(Fig. 2A). The increase in the signal: noise ratio resulting from
lower levels of SOCS3 expression, and as well as potential inter-
pathway cross-talk must therefore be taken into account when
analyzing results derived from this assay.

We then set out to test the efficacy of siRNA-induced
knockdown on GBPI and SOSC3 transcription. As expected,
knockdown of JAKT and JAKZ significantly reduces expression of
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and STAT3 following OSM stimulation (E).

Figure 1. STAT phosphorylation as a reporter for regulatory factors. (A) Antibodies detecting pSTAT1 and STAT1 (top two panels) as well as pSTAT3 and
STAT3 (bottom 3 panels) were used to assess the effect of stimulation with the cytokines shown. (B) The effect of the indicated siRNAs on the levels of
PSTAT1 and total STAT1 following IFN-y stimulation as indicated. Note the loss of STAT1 following treatment with STAT1 siRNA and the reduction in
PSTATT1 levels following knockdown with JAK1 siRNA. (C) The effect of the indicated siRNAs on the levels of pSTAT3 and total STAT3 following OSM

stimulation as indicated. (D and E) The effect of the indicated siRNAs on the levels of pSTAT1 and total STAT1 following IFN-y stimulation (D) and pSTAT3

both target genes (Fig. 2B). Similarly, as would be expected of a
bona fide target gene, knockdown of STATI strongly reduces
expression of GBPI while knockdown of STAT3 reduces the
levels of OSM induced SOCS3 expression. However, a degree of
crosstalk/redundancy is evident with the levels of OSM-induced
SOCS3 mRNA falling following STAT1 knockdown while the
level of IFN-y-induced GBPI increases following a reduction in
STATS3 levels.

Intriguingly, compensatory mechanisms and crosstalk between
JAK-STAT pathway components is also demonstrated by the
knockdown of STAT5A and STAT5B as well as JAK3 which all
result in statistically significant (p < 0.05) increases in IFN-y-
induced GBPI expression. Consistent with these findings, it has
been reported that activated STATS can protect cells from IFN-
v-induced apoptosis'® and that overexpression of STAT5 can
counteract interferon signaling."” However, the molecular basis of
this interaction remains to be established.

Interestingly, while STAT5A and STATS5B are highly
homologous at the protein level, OSM-induced SOCS3 mRNA
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is modulated in opposite directions following knockdown of these
two closely related molecules (Fig. 2B).

Identification of human homologs. We recently identified 90
JAK-STAT pathway-regulating genes in a whole-genome RNAi
based screen in Drosophila Kcjg7 cells.” In order to identify
potential human homologs we used HomoloGene, Inparanoid
and best reciprocal BLAST searches as parsed from the Flight
database (http://flight.licr.org)®® and identified 73 human can-
didate genes representing homologs of 56 interacting Drosophila
genes (Table 1). This collection includes controls such as STAT1,
STAT3 and JAKI as well as previously uncharacterized loci. In
order to address the potential role of these genes, siRNA pools
targeting each transcript with four independent 21-mers were
used to maximize the chance of effective knockdown while
minimizing potential off-target effects.”!

Screening for human JAK-STAT pathway regulators. Having
developed assays and identified the human homologs of interact-
ing Drosophila genes we then tested all 73 siRNA-pools for their
influence on STAT1 and pSTATTI as well as STAT3, pSTAT3
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Figure 2. Assays for STAT-mediated transcriptional regulation. (A) Fold
increase in the mMRNA levels of the indicated putative STAT target genes
following stimulation with the indicated ligands. (B) Fold increase in the
mRNA levels of GBP1 (black bars) and SOCS3 (gray bars) following
stimulation with IFN-y and OSM respectively. Cells were previously
treated with the indicated siRNAs targeting known JAK-STAT pathway
components and demonstrate the specificity of these target genes for
STAT1 and STAT3 as well as the compensatory effects that result from
the knockdown of other related factors. Statistical significance is
indicated by **p < 0.01, ***p < 0.001. Error bars show standard error.

and B-ACTIN levels following a 3 d knockdown protocol
(Table 2 and Fig. 1D and E). Using the levels of 3-ACTIN as a
reference, the levels of total and phosphorylated STATs were
measured (see Materials and Methods) and expressed as fold
changes relative to controls run in parallel on the same protein gel
blot (Table 2). Changes in the overall levels of unphosphorylated
STATT1 and STAT3 as well as the level of pSTAT1 and pSTAT3
are indicated with increases highlighted in green and decreased
levels in red. A subset of tested loci is shown in Figure 1D and E.
Genes were identified that affected the overall levels of STAT1
and/or STAT3, the level of pSTAT1/pSTAT3 or the levels of
both overall and phosphorylated STATs.

We next assayed the effects of the 73 siRNA pools on IFN-y
and OSM-stimulated target gene expression. Following treatment
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with siRNA for 3 d and stimulation with either [IFN-y or OSM
for 6 h, cells were lysed and RNA prepared. The level of GBPI
and SOCS3 mRNAs expressed from their endogenous loci were
detected by qPCR and normalized to S-actin mRNA levels. This
was expressed as a fold change relative to cells treated with a
control siRNA (Fig. 3A). Triplicate experimental replicates were
used to calculate the mean change in gene expression (Fig. 3A).
Overall 57 genes (excluding the known pathway components
shown in Fig. 2B) produced significant changes in either GBPI or
SOCS3 expression. As shown in Figure 3A, genes were clustered
into groups on the basis of their differential gene regulation
representing loci that upregulate GBPI (group a, ¢ and d), or
SOCS3 (group a and b), regulate only one target gene (group
b, ¢, e and g) or differentially regulate expression in opposite
directions (group d). The identity and potential roles of some of
these STAT-regulating loci are discussed in greater detail below.
Strikingly however, a greater number of STAT1-interacting v.
STAT3-interacting loc were identified by both transcriptional
and phosphorylation assays. While the reagents/assays for STAT1
activation are better than for STAT3 (note the comparatively
lower background following STAT1 knockdown in Figs. 1D and
2B) it is unlikely that this is the only explanation and further
investigation into the mechanisms underlying this observation
will be required.

Discussion

We have identified 73 putative human homologs (Table 1) of
53 Drosophila JAK-STAT pathway modulators originally iden-
tified by whole-genome RNAi screening.'> Using a combination
of protein phosphorylation (Fig.1) and transcriptional assays
(Fig.2) we examined STAT1 and STAT3 activity following
knockdown of these 73 human homologs in HeLa cells to assess
potential evolutionary conservation of their pathway modulating
function. Overall, phosphorylation assays identified 39 modifiers
of STAT1 and 19 modifiers of STAT3 (Table 2) while trans-
criptional assays identified 57 loci that significantly modulate the
expression of endogenous STAT1 and/or STAT3 target genes
(Fig. 3A). In total, 69 of the 73 human genes (95%) showed an
interaction indicating that the majority of genes whose primary
sequence has been conserved have also retained their functional
biological roles during the evolutionary divergence that separates
Drosophila and humans. It should however be noted that more
detailed study in multiple human cell lines will ultimately be
needed to confirm the role of these interacting genes in the wider
human context.

The conservation of gene function between related STAT-
regulators present in both humans and Drosophila demonstrates
that it is feasible to use Drosophila as a relevant and tractable
system for gene discovery approaches that can be applied to
humans. This udility is especially striking given the significant
differences in genomic and proteomic complexity between the
two organisms. Indeed, well-characterized cellular processes such
as endocytosis are frequently regulated by multiple closely related
semi-redundant factors. For example, while Drosophila contains
a single Rab5 protein,” vertebrate trafficking utilizes three
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Table 1. Homolog selection

Gene name z-score Gene Gene Name  Homo sapiens Accession Molecular function (5) Best Inpara Homol Screen E-value
Drosophila [Dmel-  Abbreviation Number Blast noid ogene Blast
melanogaster  screen] Homo (4) (4) (4)

sapiens
CG15555 23 ACCN5 amiloride-sensitive cation channel 5 NM_017419  Ion channel activity + 7.00E-05
par-1 4.4 AKT2 v-akt murine thymoma viral oncogene homolog 2 NM_001626  Serine/Threonine kinase activity + 5.30E-39
mask 2.3 ANKHD1 ankyrin repeat and KH domain containing 1 NM_017747  DNA binding + + + 0
Rmp1 -4.3 APEX1 APEX nuclease (multifunctional DNA repair enzyme) 1 NM_001641  DNA repair protein + + + 6.10E-82
asf1 23 ASF1A ASF1 anti-silencing function 1 homolog A (S. cerevisiae) NM_014034  chaperone activity + + 3.20E-68
bin3 -3.1 BIN3 bridging integrator 3 NM_018688 Receptor signaling complex scaffold activity + +
BRWD3 2.8 BRWD1 bromodomain and WD repeat domain containing 1 NM_018963 unknown + 0.00E+00
BRWD3 28 BRWD3 bromodomain and WD repeat domain containing 3 NM_153252 unknown + + + 0
Vps168 2.1 C140RF133 chromosome 14 open reading frame 133 NM_022067 unknown + + + 1.80E-20
sol 2.5 CAPN3 calpain 3 NM_000070  Cysteine-type peptidase activity + 2.80E-33
CG16903 -2.8 CCNL1 cyclin L1 NM_020307  RNA binding + + + + 2.00E-100
HDC01676 23 CHRNA7 cholinergic receptor, nicotinic, alpha 7 NM_000746  Voltage-gated ion channel activity + 2.80E-15
CtBP 29 CTBP1 C-terminal binding protein 1 NM_001328  Transcription regulator activity + + 7.00E-149
ctsP 29 CTBP2 C-terminal binding protein 2 NM_001329  Transcription regulator activity + + 8.00E-152
CG10077 28 DDX5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 NM_004396 RNA binding + + 7.00E-171
kn 2.4 EBF1 early B-cell factor 1 NM_024007  Transcription factor activity + + + + 0
kn 2.4 EBF3 early B-cell factor 3 NM_001005463 Transcription factor activity + 0.00E+00
elF-4B 3.2 EIF4B eukaryotic translation initiation factor 4B NM_001417  Translation regulator activity + + 4.70E-32
CG3819 23 ENDOGL1 endonuclease G-like 1 NM_005107  unknown + 0.037
CG15706 22 FLJ20160 hypothetical protein FLJ20160 NM_017694 unknown + 6.60E-20
Fer3HCH 41 FTH1 ferritin, heavy polypeptide 1 NM_002032  Storage protein + + 4.60E-35
CG31694 -2.8 IFRD1 interferon-related developmental regulator 1 NM_001550 Receptor binding + 1.00E-65
CG31694 2.8 IFRD2 interferon-related developmental regulator 2 NM_006764 unknown + + 2.00E-66
CG11696 2.0 IKZF1 IKAROS family zinc finger 1 (Ikaros) NM_006060 Transcription factor activity + 2.60E-25
hop 5.7 JAKT Janus kinase 1 NM_002227  Protein-tyrosine kinase activity + 2.00E-48
hop 5.7 JAK2 Janus kinase 2 NM_004972  Protein-tyrosine kinase activity + + + 1.60E-59
hop 57  JAK3 Janus kinase 3 NM_000215  Protein-tyrosine kinase activity + + 8.40E-52
CG4781 25 KIAA0644 hypothetical protein LOC9865 NM_014817  unknown + 2.00E-17
CG16975 27  L3MBTL2 I(3)mbt-like 2 (Drosophila) NM_031488 Transcription regulator activity + + + 4.00E-123
larp 25 LARP1 La ribonucleoprotein domain family, member 1 NM_015315  unknown + 2.00E-103
CG15306 3.3 MAPRE1 microtubule-associated protein, RP/EB family, member 1 NM_012325 Regulation of cell cycle + + 3.30E-27
par-1 44 MARK1 MAP/microtubule affinity-regulating kinase 1 NM_018650 Serine/Threonine kinase activity + + + 0
mib2 25 MiB2 mindbomb homolog 2 (Drosophila) NM_080875 Cytoskeletal protein binding + + 0
mask 23  MLL3 myeloid/lymphoid or mixed-lineag 3 NM_021230  Transcription regulator activity +
enok 30  MYST3 MYST histone (monocytic ia) 3 NM_006766 Transcription regulator activity + + + + 1.80E-94
CG15434 25 NDUFA2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 NM_002488 Oxidoreductase activity + 7.00E-17
CG31358 2.0 NPHS2 nephrosis 2, idiopathic, steroid-resistant (podocin) NM_014625 unknown + 5.00E-14
Nup154 29 NUP155 nucleoporin 155kDa NM_004298  Transporter activity + + + + 0
CG31005 23 PDSS1 prenyl 1) di subunit 1 NM_014317  Transferase Enzyme + + + + 9.00E-100
1(1)G0084 21 PHF10 PHD finger protein 10 NM_018288  Transcription regulator activity + + + + 7.40E-28
BRWD3 2.8 PHIP pleckstrin homology domain interacting protein NM_017934  Receptor binding + 4.00E-114
CG4907 3.3 PIGN phosphatidylinositol glycan anchor biosynthesis, class N NM_012327 Transferase Enzyme + 1.10E-47
CG30069 -2.9 POLR2A polymerase (RNA) Il (DNA directed) polypeptide A NM_000937 DNA-directed RNA polymerase + 4.00E-35
Pp1alpha-96A 3.0 PPP1CA protein phosphatase 1, catalytic subunit, alpha isoform NM_002708 Serine/Threonine phosphatase activi + + + + 8.00E-169
Pp1alpha-96A 3.0 PPP1CC protein phosphatase 1, catalytic subunit, gamma isoform NM_002710  Serine/Threonine phosphatase activity + 4.00E-168
PP2A-B' 26 PPP2R5D protein phosp 2, regulatory subunit B', delta isoform NM_006245  Serine/Threonine phosphatase activity + 0
CG32573 3.1 PRKCA protein kinase C, alpha NM_002737  Serine/Threonine kinase activity + 7.80E-47
Art2 29  PRMT8 protein arginine methyltransferase 8 NM_019854 Methyltransferase activity + + 1.60E-77
Ptp61F 5.9 PTPN1 protein tyrosine phosphatase, non-receptor type 1 NM_002827 Tyrosine phosphatase activity + + + 7.80E-79
Pip61F 59 PTPN2 protein tyrosine phosphatase, non-receptor type 2 NM_002828 Tyrosine phosphatase activity + 3.00E-75
Rab5 2.1 RABSA RABSA, member RAS oncogene family NM_004162 GTPase activity + + 4.90E-85
Rab5 2.1 RABSB RABS5B, member RAS oncogene family NM_002868 GTPase activity + 1.00E-82
Rab5 2.1 RAB5C RABSC, member RAS oncogene family NM_004583 GTPase activity + + 4.00E-84
Caft 3.0 RBBP4 retinoblastoma binding protein 4 NM_005610  Transcription regulator activity + + + 0
CG6434 2.8 RBBP5 retinoblastoma binding protein 5 NM_005057  Transcription regulator activity + 6.20E-69
CG12460 3.0 SFPQ splicing factor Por/Glu-rich (polypyrimidine tract binding protein associated) NM_005066 RNA binding + 1.80E-17
nonA -3.0 SFPQ splicing factor Pro/Glu-rich (polypyrimidine tract binding protein associated) NM_005066 RNA binding + + + 1.80E-60
Socs36E 32 SOCS5 suppressor of cytokine signaling 5 NM_014011  Receptor signalling complex scaffold activity + 4.80E-65
sol 25 SOLH small optic lobes homolog (Drosophila) NM_005632  Transcription factor activity + + + 3.10E+00
Stat92E -5.0 STAT1 signal transducer and activator of transcription 1 NM_007315  Transcription factor activity + 1.00E-43
Stat92E 5.0 STAT3 signal transducer and activator of transcription 3 NM_003150 Transcription factor activity + 2.00E-35
Stat92e -5.0  STAT5A signal transducer and activator of transcription 5A NM_003152  Transcription factor activity + + 2.00E-84
Stat92E 5.0 STAT5B signal transducer and activator of transcription 5B NM_012448  Transcription factor activity + + 6.40E-86
Mec?2 29 STOM stomatin NM_004099  unknown + 2.90E-76
Mec2 29 STOML3 stomatin (EPB72)-like 3 NM_145286 unknown + 1.00E-62
dre4 26 SUPT16H suppressor of Ty 16 homolog (S. cerevisiae) NM_007192  Transcription factor activity + + 0
Taf2 2.7 TAF2 TAF1 RNA polymerase I, TATA box binding protein (TBP)-associated factor NM_003184  Transcription factor activity + + 0
bon 56 TRIM33 tripartite motif-containing 33 NM_015906 Transcription regulator activity + + + + 3.60E-45
TSG101 31 TSG101 tumor susceptibility gene 101 NM_006292  Ubiquitin-specific protease activity + + + 4.30E-98
CG13473 24 TXN2 thioredoxin 2 NM_012473  Oxidoreductase activity + + 3.90E-17
CG3058 3.4 TXNL4A thioredoxin-like 4A NM_006701 Ribonucleoprotein + + + + 2.60E-80
lig 22 UBAP2 ubiquitin associated protein 2 NM_018449  unknown + + 5.50E-25
CG9086 2.8 UBR1 ubiquitin protein ligase E3 component n-recognin 1 NM_174916  Ubiquitin-specific protease activity + + + 0
CG6422 -3.3 YTHDF1 YTH domain family, member 1 NM_017798  unknown + + + 1.30E-71
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homologous Rab5-like proteins, Rab5A, Rab5B and Rab5C.
Furthermore, removal/knockdown of all three is required to block
endocytosis in cultured cells® suggesting a significant level of
redundancy. Despite this apparent redundancy, individual knock-
down of each Rab5-like gene produces distinct transcriptional

JAK-STAT phenotypes with loss of Rab5A leading to an increase
in STAT1, loss of Rab5B an increase in STAT1 and a decrease in
STAT3, and Rab5C producing no effect (Fig.3B). Consistent
with a link between endocytosis and STAT activity, STAT1-
mediated signaling induced by IFN-vy has recently been shown to

38 JAK-STAT Volume 1 Issue 1



Table 2.

Gene Symbol Ligand STAT1/ pSTATL  STAT3 / pSTAT3 Gene Symbol Ligand STAT1 / pSTAT1 STAT3 / pSTAT3
Act / Act Act / Act Act / Act Act / Act
control ¥ 1.00 1.00 1.00 1.00 MARK1 + 0.96 0.71 0.95 0.84
control - 0.96 0.97 MIB2 + 1.90 1.96 1.23 1.03
JAK1 + 1.43 MLL3 + 1.02 1.16 0.93 0.82
JAK2 + 1.07 1.75 1.28 MYST3 + 1.09 0.76 0.87
JAK3 + 1.30 0.94 1.04 0.98 NDUFA2 + 1.52 1.56
STAT1 + | 018  0.25 | 0.68 0.64 NPHS2 + 0.49 0.85 0.78
STAT3 + 1.20 1.29 NUP155 + 1.06 0.82 1.63 1.28
STATSA + 1.32 1.37 1.65 1.04 PHF10 + 1.23 1.13 0.91 0.59
STATSB + [OEEl 0.9 1.91 1.21 PHIP + 1.23 0.85 1.25 1.15
PIGN + [OEEl o0.s2 1.30 1.19
ACCN5 + 1.89 0.80 0.85 POLR2A + NA NA NA NA
AKT2 + 0.48 1.90 2.03 PPP1CA + 0.97 1.24 0.93
ANKHD1 + 1.75 0.99 0.51 PPP1CC + 0.60 0.77 0.58
APEX1 + 0.50 0.98 0.84 0.89 PPP2R5D + 1.66 1.16 0.93
ASF1A + 0.95 1.07 1.64 1.55 PRKCA + 0.46 0.82 1.17 1.02
BIN3 + 1.00 0.70 0.51 0.55 PRMT8 + 1.28 NA NA
BRWD1 + ﬂ 0.90 0.83 PTPN1 + 0.87 1.08 1.13
BRWD3 + 0.97 1.00 PTPN2 + 1.26 1.37 1.40
C140RF133 + 1.35 1.25 1.06 0.90 RAB5A + 1.08 1.05
CAPN3 + [BEEl 1.70 1.09 0.98 RAB5B + [9EGl o537 1.46 1.16
CCNL1 + 1.81 1.49 1.80 1.21 RAB5C + 1.22 0.87 1.02 1.06
CHRNA7 + | 026 042 0.99 0.91 RBBP4 + 1.56 1.14 0.89 0.89
CTBP1 + 1.82 0.74 1.49 1.74 RBBP5 + 1.14 0.97 1.64 1.14
CTBP2 + 1.15 0.95 0.88 0.92 SFPQ + 2.10
DDX5 + [EEE 1.70 1.93 1.06 S0CSs5 + 0.56 0.76 0.70
EBF1 + 1.03 1.43 1.17 0.99 SOLH + NA NA 0.92 0.84
EBF3 + | 028 040 1.18 1.49 STOM + 0.60 0.53
EIF4B + 1.07 1.10 1.43 1.57 STOML3 + 1.80 1.67 1.33 1.08
ENDOGL1 + [OEEM o0.69 NA NA SUPT16H + [OBZ o0.45 0.78 0.76
FLJ20160 + 0.84 0.82 0.86 0.50 TAF2 + 0.87 0.90 1.55 1.10
FTH1 + 0.47 0.81 1.11 0.78 TPRT + 1.73 1.52
IFRD1 + 0.87 0.71 1.38 1.45 TRIM33 + 0.51 0.64 1.29 0.92
IFRD2 + 1.98 0.78 0.88 TSG101 + 0.46 0.94 0.57 0.45
IKZF1 + 2.09 TXN2 + 0.56 1.14 1.53 0.98
KIAA0644 + 0.67 0.92 TXNL4 + 1.83 1.39 0.61 0.61
L3MBTL2 + 1.56 1.80 UBAP2 + 1.28 0.96 0.49
LARP1 + 0.66 1.04 UBR1 + 1.13 1.24 0.95 0.89
MAPRE1 + 1.04 1.09 1.64 1.63 YTHDF1 + 1.66 1.13 1.16 1.01

*NA, not available due to low B-actin levels; light green, > 1.67-fold higher; green, > 2.2-fold higher; pink, < 0.6-fold higher; red, < 0.45-fold higher.

be differentially regulated depending on the Clathrin-dependent
or Clathrin-independent route via which receptor endocytosis
occurs.” Our results suggest that the situation may be more
complex and suggests that the Rab5 family proteins required for
Clathrin dependent endocytosis perform distinct roles and that
disruption of these roles is sufficient to modulate the activity of at
least two independent STAT molecules.

Another striking phenotype observed is the strong upregula-
tion of both GBPI and SOCS3 mRNA following knockdown of
UBRI (Fig.3B). UBRI is a key component of the N-end rule
machinery, a conserved cellular process that affects protein
stability on the basis of the N-terminal amino acid. Substrates
of the N-end rule are recognized by the UBRI E3-ubiquitin
ligase® and the increase in STAT1 and STAT3 activity that
occurs following its knockdown suggests that a positively acting
pathway components may represent UBR1 substrates. Although
the overall level of STAT proteins does not appear to be directly
affected by knockdown of UBRI (Table 2) it would be interesting
to test other JAK-STAT pathway components and other elements
of the N-end rule machinery to examine a potential link between
these two cellular processes.

www.landesbioscience.com

One of the key aspects of the STAT1 and STAT3 transcrip-
tional assay development was the decision to avoid transiently
transfected reporter assays in preference for the direct measure-
ment of pathway target gene mRNA expressed by endogenous
promoters from within their normal chromatin context (Fig.2).
This is especially relevant in the light of recent reports from
Drosophila, which suggest that chromatin structure may be
directly linked to JAK-STAT pathway activity via a direct physi-
cal interaction of STAT92E with Heterochromatin Protein 1
(HP1).>**” Consistent with this, human JAK2 has also recently
been suggested to modify chromatin via direct phosphorylation of
Histone H3, so interfering with HP1 association.”® Consistent
with such interactions, this screen has also identified a number of
putative regulators of heterochromatin (Fig. 3C). These include
SUPT16H, a component of the FACT complex required for
transcription from chromatinized DNA® as well as RBBP4, a
member of the histone deacetylase complex® and RBBP5 a key
component of the H3K4 methyltransferase complex.”’ Although
preliminary, it will be intriguing to determine the significance of
these interactions in the context of STAT-mediated transcription
and chromatinization in the future.
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Figure 3. Screening for JAK-STAT modulating genes by gPCR. (A) Heat map showing the level of IFN-y induced GBPT mRNA and OSM induced SOCS3
mRNAs expressed following knock down of the indicated genes. Numbers represent the fold change relative to controls. Colors represent statistically
significant increases (reds) or decreases (blues) in expression with dark red/blue p < 0.001 and light red/blue p < 0.05. Genes have been grouped
according to phenotype and are discussed in the main text. (B and C) Graphs representing the interactions of genes falling into predicted endocytosis
and protein stability (B) or chromatin modifier (C) ontologies. Error bars show standard error. *p < 0.05, **p < 0.01, ***p < 0.001.
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Although this screen has identified several intriguing interac-
tions, it is not generally feasible to individually verify the deple-
tion of individual proteins following siRNA-mediated knockdown
in large scale screens. However, the high proportion of loci with
STAT-modulator phenotypes suggests that most siRNA pools
are indeed effective. While the efficiency of siRNA targeting
STAT1 and STAT3 has been directly demonstrated (Fig. 1B),
it remains possible that false negatives, caused by a failure to
reduce protein levels, or false positives caused by off-target
effects, may be present. Ultimately, further biological characteri-
zation of the interactors identified will be required. In addition,
while both STAT phosphorylation and transcriptional activity
have been widely used as proxies for pathway activity in the

past,5,17,32,33

our experience suggests that neither is necessarily
consistent in isolation. Indeed, we have identified genes whose
knockdown appears to modulate phosphorylation and transcrip-
tion in different directions, genes that modulate phosphorylation
without changing transcription, and genes that affect transcription
without any apparent effect on STAT phosphorylation. Thus,
while both approaches are valid, more detailed analysis of protein
function will be required before mechanistic interactions can be
proven.

In summary, we have demonstrated that whole genome
screening approaches in low complexity animal models are able
to generate potential lead candidates highly enriched for genuine
regulators of the corresponding vertebrate pathway. Knowledge
of the potential molecular mechanisms by which these human
genes mediate their effects will be important in understanding
and ultimately treating the human diseases that arise from the
misregulation of this signaling pathway.

Materials and Methods

Selection of homologs. The 90 previously identified Drosophila
modulators'? were systematically screened for potential homologs
using HomoloGene, Inparanoid and best BLAST homologs
parsed from the Flight database® (htep://flight.licr.org).

Cell culture. HeLa SS6 cells (a kind gift from Jens Gruber and
Mary Osborn) were maintained in D-MEM [including 4.5 mg/
ml glucose, L-glutamine and pyruvate (Gibco)] with 10% heat
inactivated fetal bovine serum (PAA) and penicillin-streptomycin
(Invitrogen). Cells were grown at 37°C in a humidified incubator
with 5% CO, at subconfluent densities. Hela cells were stimu-
lated with recombinant human IFN-y (R&D Systems, 40 ng/ml)
or OSM (R&D Systems, 20 ng/ml).

siRNAs. ‘Smart pool’ siRNAs (Dharmacon RNA Technolo-
gies) targeting the transcripts of each locus (Table 1) consisted of
a pool of four independent dsRNAs designed to maximize the
chance of effective knockdown while minimizing potential off-
target effects. siRNA transfections of HeLa SS6 cells were per-
formed with Oligofectamine (Invitrogen) with 50 nM siRNA in
96-well plates.

Detection of target gene activity. Gene expression levels in
human cells were quantitatively measured using either a branched
DNA assay (QuantiGene, Panomics) or quantitative PCR (qPCR)
approaches, both of which gave comparable results. Hela cells

www.landesbioscience.com

were grown to confluence in 96-well plates and lysed in 100 pl
proprietary lysis buffer. Seventy microliters of lysate were used for
determination of all mRNA levels except for f-ACTIN, where
only 10 pl were used. Mixed probe sets were added to the lysates
according to the manufacturer’s instructions and hybridized in
sealed capture plates. Following overnight hybridization at 56°C,
capture plates were washed before incubation with 100 pl per
well label extender for 1 h at 56°C. After further washing, plates
were incubated with 100 pl per well amplifier for 1 h at 56°C,
washed three times and finally incubated with 100 pl per
well substrate for 30 min. Plates were cooled down at room
temperature for 10 min, and luminescence was detected for
0.2 sec per well on a luminometer (Wallac Victor Light 1420
Luminescence Counter, PerkinElmer).

Hela cells were plated at a density of 5 X 10° cells per well in
a 96-well plate. Next day, these cells were treated with 50 nm
concentration of different siRNAs. After 3 d, the cells were than
treated with human IFN-y (R&D Systems, 40 ng/ml) or OSM
(R&D Systems, 20 ng/ml) for 6 h, lysed in 100 pl of lysis buffer
according to the manufacturer’s instructions (Qiagen RNeasy
Mini kit). Total RNA was prepared and first strand ¢cDNA
was synthesized using First Strand Synthesis Verso ¢cDNA kit
(ABgene).

Real-time PCR was performed in 96-well plates using ABsolute
QPCR ROX mix and a GeneAmp 7700 sequence detector
(Applied Biosystems) and analyzed by AACy GBPI and SOCS3
levels were normalized to f-actin levels. Primers and probes were
designed using Primer Express Software (Applied Biosystems).
BLAST searches (www.ncbi.nlm.nih.gov) were performed to con-
firm specificity of the nucleotide sequences. Primers and probes
were synthesized by Sigma Aldrich and were from 5' to 3' as
follows: For GBPl: GCCAGGCCACATCCTAGTTCT and
GGCGAAGATCCAGGAGTCATT, probe TGGACACCGA-
GGGTCTGGGAGATGT. For SOCS3: AGCTGGTCTCCT-
TTTCCTACTCATACTA and GGTGAAAGATGTCCCGTC-
TCC, probe TGGGTGGATGGAGCGGGAGGA and for
B-actin: ATCATTGCTCCTCCTGAGCG and GACAGCGAG-
GCCAGGATG, probe TACTCCGTGTGGATCGGCGGCT.

Detection of STAT post-translational modifications. Hela
cells were lysed in ‘Mammalian Cell Lysis Buffer’ (Perbio) and
normalized levels of protein were protein gel blotted using
standard protocols. Primary antibodies against human B-ACTIN,
STAT1, pSTAT1, STAT3, pSTAT3, STATS and pSTATS were
purchased from Cell Signaling Technologies and used at a 1:1000
dilution. The activity of HRP-conjugated secondary antibodies
(Jackson Labs) was determined using ECL protein gel blotting
substrate (Pierce). Chemiluminescence was detected using either
film or a Luminescent Image Analyzer LAS-1000 (FUJIFILM)
and Intelligent Dark Box II (FUJIFILM).

Quantitative protein gel blot analysis. To quantitatively
determine the fold change in STAT and pSTAT after siRNA
treatment, bands were identified by thresholding a region of
interest comprising all bands using the “Triangle” algorithm®*
that is based on normalization of height and dynamic range of
the image intensity histogram, as implemented in Image].** For

STAT3 and pSTAT3 protein gel blots and their corresponding
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B-ACTIN controls, thresholds determined using the “Triangle”
algorithm were used directly, whereas for STAT1 and pSTAT1
protein gel blots and their corresponding B-ACTIN controls,
15 a.u. were subtracted from the threshold determined by the
Triangle algorithm due to lower signal intensities. All pixels with
intensities above the threshold were assigned a value of 1, and all
pixels with intensities below the threshold were assigned a value
of 0. The original image was divided by this mask to prevent
pixels with intensities below the threshold from being considered
in further calculations. The average intensity in a smaller region
of interest around individual bands was calculated by summing
the intensities of the identified pixels (i.e., the total intensity of
the band) and dividing this sum by the number of pixels (i.e., the
area occupied by the band). We then calculated the ratio of
STAT and pSTAT protein levels relative to 8-ACTIN levels and

normalized these values to those from control samples on the
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