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Abstract

Mutant cell lines B3 and B10, which are unresponsive to both interféey words

on (IFN)-a and IFNy, and line B9, which does not respond to ffN-- Interferons

stimulation, are described. The mutants were submitted to fluoresAK/STAT
cence-activated cell sorting (FACS) from a cellular pool, which wagViolecular genetics
obtained from the parental cell line 2C4 after several rounds ‘gfACS analysis
mutagenesis. The unresponsiveness to IFN stimulation was obser'\)?aase protection
both in terms of expression of cell surface markers (CD2, class | én&anscnptlonal activation
Il HLAs) and mRNA expression of IFN-stimulated genes (2-5°
oligoadenylate synthetase (OAS), 9-27, and guanylate binding protein

(GBP)). Genetic crossing of B3, B9 and B10 with U3 (STAT{Ra

(JAK2) and U4 (JAKI) mutants, respectively, did not restore IFN

responsiveness to the hybrid cell lines. However, when these cell lines

were crossed with the same mutants, but using the pairwise crosses B3

x U4, B9 x U3 and B10 x U3, the cell hybrids recovered full IFN

responsiveness. The present genetic experiments permitted us to

assign the mutant cell lines B3, B9 and B10 to theyd3nd U4

complementation groups, respectively. These conclusions were sup-

ported by the analysis of IFN-stimulated genes in the mutants.

ily of non-receptor protein tyrosine kinases
(NRPTK) known as JAKs aqfanukinases,
Our knowledge of cytokine signalling comprising JAK1-3 and TYK2 (9) and latent
has experienced enormous progress in thleytoplasmic proteins termed STATSdnal
past few years due to the combined utilizatransducers andctivators otranscription),
tion of somatic cell genetics, biochemicalowing to the dual role played by these mol-
analysis and transgenic animals (1-4). Thecules (10). Type I IFN (mainlg and R)
first well established cytokine transductiontransduces its signals to the nucleus through
pathway was determined in studies carriethe NRPTK JAK1 and TYK2, STAT1 and
out with mutant cell lines which had previ-STATZ2 in association with p48 (11,12), while
ously been characterized as interferon (IFN)ype 1l IFN (y) utilizes JAK1 and JAK2, in
unresponsive cells (U andmutants), fol- addition to a STATa& dimer (13,14). After
lowed by complementation of their defectsbeing translocated to the nucleus these pro-
by cDNA transfection (5,6). Thus, IFNs,tein complexes recognize and bind to cog-
whose main biological activities are antivi-nate cis-acting DNA elements, i.e., ISRE -
ral, antiproliferative and modulatory effects|FN-stimulatedesponselement, for type |
exerted on the immune system (7), send theiFNs (15,16), and GAS gammaactivator
signals to the cell nucleus by activating sgequence, for type Il IFN (17,18), positioned
cascade of signalling molecules via tyrosinén the regulatory region of tHEN-stimulat-
phosphorylation (8), which includes a fam-edgenes (ISGs), promoting their transcrip-
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tional activation (2,9). The signal transduce@nd pDW?9-27CD2, a plasmid containing the
by the JAK/STAT pathway is terminated bypromoter region of the IFN-stimulated gene
the interaction of JAB (JAK-binding pro- 9-27 placed just upstream of a full-length
tein) with JAK, resulting in a reduced ty-CD2 cDNA. 2C4 cells were mutagenized
rosine kinase activity of the protein (19).(five rounds) with the frameshift agent
Protein tyrosine phosphatases have also beBdR191 (21) and the cell population was
reported to be downregulators of the signadubdivided into different pools (a gift from
transmission to the nucleus (20,21). The WD. Watling, ICRF, London). B3, B9 and B10
mutants mentioned earlier proved to be funwere FACS sorted from these pools, cloned
damental in the elucidation of the signalnd characterized. U§2A and U4 mutants
transduction pathway triggered by JAK/were characterized as described elsewhere
STAT proteins upon cytokine stimulation (23,26), and are unresponsive to type | and
(22-25). These mutants were characterizeiype Il IFN (U3 and U4) or unresponsive
based on selection of the growing cells ino type Il only §2A). The mutations
HAT (hypoxanthine, aminopterin, and thy-were mapped to (STATL/1Z): U3 (14),
midine) plus IFNe, although constitutive (JAK27): y2A (26) and (JAKI): U4 (12).
mutants could be obtained under HAT selec- For cell fusion experiments a puromy-
tion without IFN (22,23; Bonjardim CA, cin- or hygromycin-dominant selectable
unpublished observations). Here | describenarker was transfected into the cells and the
the JAK/STAT-deficient cell lines B3, B9 resistant hybrid cell population was main-
and B10, which were cloned by an alternatained in the presence of the adequate drug.
tive selection procedure based on the exCell fusion experiments employing PEG
pression of cell surface markers, followed4000 (Sigma Chemical Co., St. Louis, MO)
by fluorescence-activated cell sorter (FACSyvere performed as described elsewhere (22).
analysis. These mutant cell lines were furBriefly, 1 x 1® cells of each cell line to be
ther characterized biochemically and werdused were pelleted together in a refrigerated
assigned to the U3 (STATL (23), y2 centrifuge (50Q, 5 min). Cell pellets were
(JAK27) (26) and U4 (JAKY) (23) comple- resuspended in 50% PEG 4000 and left at

mentation groups, respectively. room temperature for 1 min, followed by the
addition of 3 ml of DMEM without SFB for
Material and Methods 2 min at the same temperature. Finally, the

cell suspension was diluted with an equal
Cell culture, cell fusion and DNA transfection ~ volume of medium without SFB. Cells were
then centrifuged as above, and the pellet was
Cells were cultured in Dulbecco’s modi-resuspended in DMEM supplemented with
fied Eagle’s medium (DMEM) supplemented15% SFB, split into 2 culture dishes and
with 10% (v/v) heat-inactivated fetal calf incubated at 3C in the presence of 5% GO
serum, 5 uM L-glutamine, and neomycinovernight. The medium was then replaced
(G418, 700 pg/ml) and incubated at@in  with DMEM + 10% SFB supplemented with
the presence of 5% GOThe parental cell the selectable drug.
line 2C4 was generated from the human
fibrosarcoma cell line HT1080, which wasFACS analysis
obtained from the American Type Culture
Collection (ATCC), Parklawn Drive, Rock-  Fluorescence-activated cell sorter
ville, MD, as described elsewhere (12)(FACSCAN, Becton Dickinson, New Jer-
Briefly, human HT1080 cells were co-transsey, USA) analysis was performed as previ-
fected with a selectable marker, pTKNeopusly described (13,27). Briefly, 5 x 30
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cells were seeded on a 10-cm Petri dish arftbm M. Miller and the GBP probe from T.
after overnight incubation they were treatedecker.

with 1 1U/ml of a highly purified mixture

of IFN-a (Wellferon, 1.5 x 1®1U per mg Results

protein, Wellcome Research Laboratories,

Beckenham, Kent, UK), or recombinant hu+Acs analysis of the mutant cell lines

man IFNy (2 x 10 IU per mg protein) a

generous gift from Dr. G. Adolf, Ernst Boeh-  FACS analysis of the mutants B3 and
ringer Institut fur Arzneimittelforschung, B10 indicated that these cell lines did not
Vienna, Austria. Cells were treated with IFNrespond to IFNa or IFN-y stimulation (Fig-
for 48-72 h and then incubated with antibodure 1A, panels 4-6 and 10-12), respectively,
ies as described previously (13,27) for 1 h aind mutant B9 was not responsive to If¥N-
0°C. Cells were pelleted, resuspended itreatment (Figure 1A, panels 7-9) when the
PBS, fixed in 1% paraformaldehyde anctell surface markers CD2 and the endoge-
analyzed in a FACS using a Consort 3Gous class | and class Il HLA were investi-

program (3000 data points). gated (Figure 1A, panels 4-12). The expres-
sion of these genes in response to both IFN-
RNase protection assay o and IFNy in the parental cell line 2C4 is

also shown (Figure 1A, panels 1-3). The

Cytoplasmic RNA was obtained from mutation affecting each particular cell line
monolayer cells by NP40 lysis and phenolseems to be highly stable since their pheno-
chloroform extraction. Probes were synthetypes remained the same after several pas-
sized from the SP6/T7 transcription vectorsages in culture for more than three months,
pGEMs 3 and 4 (Promega, Madison, Wl)as confirmed by their unresponsiveness to
labelled with §2P) aUTP (Amersham, IFN stimulation, which was demonstrated
Beckingham, UK) to a specific activity of by Northern blot assays (data not shown).
>1C cpm/ug DNA. Ten pg of RNA was The B9 mutant was further characterized as
resuspended in 80% formamide, mixed witlshown in Figure 1B. Pairwise crosses be-
1-3 x 16 cpm of each probe, heated t#@5 tween B9 x U3 and B9 y2A were carried
for 10 min, and then incubated overnight abut and then FACS analyzed as described in
47°C. Single-stranded RNA was digestedMaterial and Methods. Full IFN-respon-
with ribonucleases A (400 pg/ml) and T1 (Ziveness was restored to the cell hybrids B9
pg/ml) (Sigma), incubated at 7 for 30 x U3 (Figure 1B, panels 13-15, compare
min, followed by treatment with proteinasewith Figure 1A, panels 7-9), while no re-
K (10 mg/ml) at 37C for 30 min. Samples sponse to IFNrwas achieved when analyz-
were phenol extracted and precipitated witing the cells from the B9y2A cross (Figure
ethanol. Protected double-stranded RNA watB, panels 16-18, compare with Figure 1A,
resuspended in formamide/dye mix, denapanels 7-9). The B3 mutant was also further
tured and resolved on a 6% polyacrylamidecharacterized. Figure 1C shows the FACS
urea gel as described elsewhere (14). Detaidsalysis carried out with pairwise crosses
about the construction and length of théetween mutants B3 x U3 and B3 x U4. The
protected fragments of the specific RNaséybrid cells (B3/U3) did not regain IFNAy
protection probes (2'-5' oligoadenylate synresponsiveness (Figure 1C, panels 19-21),
thetase (OAS), 9-27, guanylate binding proeonfirming that mutant B3 is a member of
tein (GBP) andy-actin) used in this study the U3 (STATZI) complementation group.
have been described elsewhere (14). The n the other hand, mutant B3 was comple-
5' OAS and 9-27 probes were generous giftsiented by fusion with mutant U4 (JAR)1
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Figure 1 - FACS analysis of the A
parental and mutant cell lines. A,
2C4, B3, B9 and B10; B, genetic
crosses B9 x U3 and B9 x y2A,
C, pairwise crosses between B3
x U3 and B3 x U4. The expres-
sion of the cell surface markers ~ 2C4 : # '% a Y
CD2 (panels 2,5,8,11,14,17,20, :
23) and endogenous class | (pan-
els 1,4,7,10,13,16,19,22) and Il
HLAs (panels 3,6,9,12,15,18,21,
24) upon IFN-a or IFN-y stimula-
tion (500 IU/ml for 48 h) was
monitored by FACS analysis as
described in Material and Meth-
ods. Panels 1-3: Parental cell line
2C4; panels 4-6: mutant B3; pan-
els 7-9: mutant B9; panels 10-
12: mutant B10; panels 13-15:
genetic cross between B9 and
the U3 mutant; panels 16-18:
genetic cross between B9 and
the y2A mutant; panels 19-21:
pairwise crosses between mu-
tants B3 and U3; panels 22-24:
pairwise crosses between mu-
tants B3 and U4. Untreated cells
(V), IFN-a (a)- or IFN-y (y)-treated
cells, and unstained cells (US) as
indicated. US cells were left un-
treated or treated with IFN-a, but
were not incubated with any an-
tibody.
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as shown in Figure 1C (panels 22-24), whergon, while it retained a full response to IFN-
full IFN responsiveness to the hybrid cellsa. A genetic cross with the U3 mutant re-
(B3/U4) was observed. The same procedurgored full IFNy responsiveness to the hy-
was also performed to characterize the B1Brid cells (B9 x U3) (compare Figure 2, lanes
cell line, except that the pairwise crosse$ and 9). These data are in accordance with
were carried out between B10 x U3 and Blfhose obtained by FACS and genetic analy-
x U4. The B10 mutant was complementedis (Figure 1A, panels 7-9 compared with

by fusion with mutant U3, but not with mu- Figure 1B, panels 13-15).
tant U4, assigning this cell line to the U4

complementation group (data not shown)Discussion

Figure 1C illustrates the results obtained

with the pairwise crosses involving the B10 Impressive progress has been made to-

mutant, since mutants B3 and B10 share thgards the understanding of the nuclear sié

same phenotype (Figure 1A, panels 4-6 and
10-12). Cell line | 2c4 | | B9 | |B9XU3]|

IFN
IFN-inducible gene expression

The mutant phenotypes were also inves=> 0AS —
tigated in terms of IFN-stimulated genes.
The cells were treated with IFN as indicated,
and the protected mRNAs of 2'-5' OAS, 9-27
and GBP were analyzed as shown in Figure
2. The data represent experiments carried
out with the B9 mutant. The same procedure 927 —
was also employed with B3 and B10 cell
lines and confirmed the genetic analysis, i.e.,
they presented total resistance to IFN stimu- Actin —
lation (data not shown). The B9 mutant was
completely unresponsive to IFNstimula-

GBP —

igure 2 - IFN-stimulated gene
;pression in the parental cell
line 2C4, in the B9 mutant and
in the hybrid cells B9 x U3. The
expression of 2'-5' OAS, 9-27,
and GBP mRNAs in the parental
cell line 2C4 (lanes 1-3), in the
B9 mutant (lanes 3-6) and in the
hybrid cells B9 x U3 (lanes 7-9)
was investigated. Cells were
left untreated (lanes 1,4,7) or
treated with IFN-a (lanes 2,5,8)
or IFN-y (lanes 3,6,9), respec-
tively. Cells were incubated with
500 IU/ml of either IFN-a or IFN-
yfor 6 h and 18 h, respectively.
Cytoplasmic RNA was isolated
(10 pg per lane), hybridized with
the specific probe as indicated
on the left, and analyzed by the
RNase protection assay as de-
scribed in Material and Meth-
ods. y-Actin was used as an in-
ternal standard for RNA loading.
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nals triggered by cytokines, especially IFNs(B10 x U4), while full IFN responsiveness
upon ligand-receptor binding, owing to thewas verified when B3 and B10 were crossed
converging approaches resulting from thevith U4 and U3, respectively. Thus, mutants
utilization of somatic cell genetics, biochemi-B3 and B10 were assigned to the U3 and U4
cal analysis and target gene disruption (28&omplementation groups, respectively. The
30). Thus, the JAK/STAT signalling path-genetic data were further extended to the
way was first associated to the IFNs and theanalysis of ISGs (2'-5' OAS, 9-27, and GBP)
extended to the other cytokines, as the molwhich confirmed their phenotypes. Based
ecules that elicit the signals from the celbn these criteria, the mutant cell line B9 was
surface to the nucleus upon IFN-receptocharacterized as a member of y{@eomple-
binding, and that promote IFN-gene stimumentation group (Figures 1A,B and 2), i.e.,
lation, which in turn results in the diverseit was completely resistant to IFNbut re-
biological activities exerted by these cyto-sponded normally to IFN- Thus, these JAK/
kines (31-33). This signal transduction pathSTAT-deficient cell lines may be useful as
way may be further associated not only wittan alternative to the U an@A mutants, to
cytokines, but also with growth factors andurther elucidate how cytokines and/or
some hormones (1,34,35). In the presemrowth factors trigger nuclear signalling, and
study | describe the JAK/STAT-deficientto determine the role of this transduction
celllines B3, B9 and B10, which were clonedbathway in regulating the multiplication of
by using an alternative protocol to the conintracellular pathogens.

ventional HAT selection (22), based on the
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Announcement

1999 Award in honor of Fred L. Soper
(1893-1976) for publications in the field
of Inter-American Health

This is an announcement and call foeration. Furthermore, the Award is limited to
submission of nominations for the 1999ontributions by authors whose principal af-
award in honor of Fred L. Soper, formeffiliation is with teaching, research or service
Director of the Pan American Health Organinstitutions located in the countries of Latin
ization (the World Health Organization Re-America and the Caribbean (including the
gional Office for the Americas) from 1947 to Centers of the Pan American Health Organ-
1958. ization).

In addition to his service with PAHO/  The Award Fund is administered by the
WHO, Dr. Soper played a major role in thePan American Health and Education Foun-
fight against yellow fever and other infec-dation (PAHEF), which receives voluntary
tious diseases in Brazil as part of his workontributions designated for the purpose and
with the Rockefeller Foundation in the 1920solds them in a separate fund. The Award
and 1930s and in the control of typhus irconsists of a suitable certificate and a mon-
North Africa and Italy during the Secondetary prize of US$1000.00. The winner(s) of
World War. He was one of the truly majorthe Award each year is nominated by an
figures of the century in inter-American Award Committee, composed of representa-
health. tives designated by PAHO and by PAHEF;

The Award is presented annually to thdinal selection is made by the Board of Trus-
author or authors of an original scientifictees of PAHEF.
contribution comprising new informationon,  Papers submitted by or on behalf of their
or new insights into, the broad field of publicauthors may be considered for the Fred L.
health, with special relevance to LatinSoper Award. For purposes of the 1999
America or the Caribbean or both. This mayAward, only papers published during calen-
consist of a report, an analysis of new datalar year 1998 will be considered; all submis-
experimental or observational, or a new apsions must be received by 31 March 1999 at
proach to analyzing available data. Preferthe following address:
ence is given to studies involving more than

one discipline and to papers related to infec- Executive Secretary
tious disease, a life-long concern of Dr. Soper. PAHEF
Only papers already published in scien- 525 23rd Street N.W.
e . . . Washington, DC 20037
tific journals listed in the Index Medicus or USA
in the official journals of the Pan American e-mail: marksric@paho.org

Health Organization are eligible for consid-



