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ABSTRACT The major histocompatibility complex
(MHC) class I molecules are known to serve as recognition
elements for cytotoxic T cells in mediating the rejection of
transplanted tumors. We demonstrate that MHC molecules
may have nonimmune functions in modulating tumor cell
growth in addition to their classical role in antitumor immu-
nity. A human neuroendocrine carcinoma cell line, COLO 320,
with low levels ofendo enous class I expression was transfected
with the murine H-2L gene. Eleven independent stable clones
were established, four containing only pRSV-neo and seven
also containing varying copy numbers of the transfected Ld
gene. The ability of the different clones to grow as colonies in
soft agar correlated strongly with the relative amounts of Ld
antigen expression (r = 0.89; P < 0.001). There was a weaker
correlation between increased clonogenic ability and higher
levels of Ld mRNA (r = 0.67; P < 0.05). There was no
correlation between clonogenic ability and relative expression
of amplified c-myc gene or of integrated pRSV-neo. Further-
more, in nude mice, L' antigen expression was associated with
increased formation of metastatic lung colonies 6 weeks after
intravenous iijection of 105 cells. These observations are
consistent with the concept that MHC class I antigens may have
a role in modulating the growth potential of certain tumor cells
independent of their involvement in immune responses.

rogation of metastatic properties (12-15). Most of these
experiments have been carried out in immunologically com-
petent animals. Thus, it has been concluded that class I
antigen expression leads to effective recognition of the tumor
cells by the host immune system.
However, there is no obligatory association between re-

duced HLA expression and increased malignancy, and the
opposite may be observed. In several instances class I genes
may be activated in transformed cells (13, 16). Also, although
normal hepatocytes have low to undetectable levels of class
I antigen (17), hepatocellular carcinomas have been shown to
have enhanced expression of these molecules (18, 19). In
other instances, allogeneic class I expression is insufficient
for tumor rejection (20). These apparently contradictory
observations raise questions about the role of MHC class I
antigens in tumor rejection.
We have tested the hypothesis that MHC class I antigens

may have a direct effect on growth oftumor cells by using the
soft agar clonogenic assay and genetically immunodeficient
mice. Recently, similar experiments have shown decreased
clonogenic growth of a human colonic adenocarcinoma (21).
Our observations here demonstrate that increased MHC
class I gene expression may also lead to increased growth.

The major histocompatibility complex (MHC) is a cluster of
genes that encodes several classes ofantigens offundamental
importance in immune responses (1, 2). Class I molecules of
the MHC comprise the classical transplantation antigens,
which were the first cell surface targets identified in antitu-
mor immunity (3). To analyze the role of MHC class I
antigens in tumor growth and metastasis, two general ap-
proaches have been taken: (i) mapping MHC class I antigen
expression of different tumors; and (ii) introducing class I
antigens by gene transfer into tumor cells with decreased or
absent class I antigen expression (3-15). Either of these
approaches may lead to comparative analyses of tumorige-
nicity or metastatic potential in the different cell lines. For
instance, loss of surface expression of HLA antigens in
colorectal carcinoma appears to be correlated with the degree
of dedifferentiation (4, 5). Other studies demonstrate low
expression of HLA class I antigens in mucinous colorectal
carcinomas, in which the poor prognosis appears to be
associated with a weak immune response to the tumor cells
(6, 7). Other undifferentiated carcinomas also have markedly
decreased class I antigen expression associated with a poor
prognosis, including small cell lung carcinoma (8, 9), neuro-
blastoma (10), and germ cell tumors (11).

Experimental transfection of class I genes into class I-
negative malignant cell lines leads to de novo class I antigen
expression associated with reduced tumorigenicity and ab-

METHODS
Cell Lines and Stable Transfectants. The COLO 320 cell line

(22) (American Type Culture Collection) was grown in Dul-
becco's modified Eagle's medium (DMEM) containing 10%
fetal bovine serum (FBS) (GIBCO) and transfected by the
calcium phosphate precipitation method (23). Transfected
DNAs were the pLd4 plasmid (24) containing the entire H-2Ld
gene including 6 kilobases (kb) of 5' flanking sequence with
the native promoter and the pRSV-neo plasmid (25) contain-
ing the neomycin-resistance gene with the long terminal
repeat of the Rous sarcoma virus (RSV). Cells were trans-
fected with pRSV-neo alone or pLd4 together with pRSV-neo
at a 10:1 molar ratio, and stable transfectants were selected
in G418 (1 mg/ml). Three cycles of G418-resistant clones
were picked at successive monthly intervals and expanded in
selective medium.
Southern and Northern Blot Analyses. Genomic DNA was

prepared from cultured cells, digested with EcoRI and
HindIll, and Southern blot analyses were carried out as
described (26). 32P-labeled cDNA probes were prepared by
random oligonucleotide priming (27) of the purified 1.9-kb
Xba I fragment ofpLd4, which is highly L"-specific, including
the 5' three exons of H-2Ld.

Total cellular RNA was prepared by the guanidinium
isothiocyanate/cesium chloride gradient method. Northern

Abbreviations: CAT, chloramphenicol acetyltransferase; MHC, ma-
jor histocompatibility complex; RSV, Rous sarcoma virus; mAb,
monoclonal antibody.
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blots were performed by the formaldehyde gel method (28)
and hybridized in parallel to one of four 32P-labeled cDNA
probes: (i) the Xba I fragment of Ld, detailed above; (ii) the
1-kb EcoRI insert of pRSV-neo; (iii) the 1.5-kb insert of the
c-myc cDNA, where c-myc is known to be amplified in the
genome of the COLO 320 HSR subline (29); and (iv) the
600-base-pair (bp) Pst I fragment ofmouse f3-actin cDNA. All
blots were scanned with a Joyce-Loebl Chromoscan 3, and
relative densitometric units normalized for actin were probed
on parallel identical blots.

Transient expression of the plasmid pLdCAT [with the Ld
promoter 5' to the bacterial chloramphenicol acetyltrans-
ferase (CAT) as a reporter gene, donated by G. Jay, National
Cancer Institute, Bethesda, MD] was carried out using cal-
cium phosphate for transfection and harvesting cell lysates 48
and 72 hr later for thin-layer chromatography as described
(30).
Immunofluorescence and Radioimmunoassay Analyses of

Cell-Surface Class I Gene Expression. Two different mono-
clonal antibodies (mAbs) recognizing human MHC class I
heavy-chain public determinants together with 32-microglob-
ulin were used. BB7.7, from the American Type Culture
Collection; and W6/32, donated by Jordan Pober (Brigham
and Women's Hospital, Boston). Two distinct Ld-specific
mAbs were also used, recognizing separate domains of the Ld
molecule (31): 28.14.8, specific for the a3 domain, donated by
J. Forman (University of Texas Southwest Medical Center,
Dallas); and 30.5.7, specific for a1 and a2 domains, donated
by G. Jay. Cells were treated with a 1:50 dilution of mAbs or
control ascites at 4°C for 16 hr, followed by the standard
protocol for the avidin-biotin complex/phycoerythrin or
avidin-biotin complex/immunoperoxidase techniques
(Vector Laboratories). Flow cytometric analyses were car-
ried out on cultured cells removed from tissue culture plastic
with a rubber policeman, as described (21).
For more sensitive quantitation of Ld antigen expression,

a cellular radioimmunoassay (RIA) was performed. Cells
grown in 96-well plates to confluence were incubated for 1 hr
on ice with a 1:500 dilution of W6/32, Ld-specific mAbs (see
above), or mAbs for an irrelevant surface antigen (UDC10)
present only in normal kidney (donated by J. Pober), with
four to eight wells per group per experiment. After a phos-
phate-buffered saline (PBS) wash, cells were incubated for 1
hr on ice with 1 ICiof 1251-labeled Fab fragment per well of
sheep anti-mouse IgG (1 Ci = 37 GBq) (DuPont/NEN). Cells
were washed with PBS before solubilization in 10% SDS. All
counts were normalized by expressing the percentage in-
crease over background cpm. Total Ld antigen expression
was taken as the sum of results obtained with mAbs 28.14.8
and 30.5.7.

Soft Agar Colony-Forming Assay. Single cell suspensions
were prepared at confluency and viable cells were counted
using trypan blue dye exclusion as an indicator. Viable cells
(103) were mixed with 10 ml of 0.3% Bacto-agar (Difco) at
42°C in DMEM/10% FBS and were layered on a feeder layer
of 0.5% Bacto-agar in DMEM/10% FBS (21, 32). The total
number of colonies per plate was scored blindly by two
independent observers at 3 wk using a phase-contrast micro-
scope.

Metastatic Potential Assays in Immunodeficient Animals.
Nude mice (nu/nu on an outbred NIH background) were bred
and maintained in the pathogen-free colony at the Massa-
chusetts General Hospital. Single cell suspensions were
prepared with 105 cells in 0.1 ml of saline injected into each
mouse via the tail vein (33). At 6 wk, mice were sacrificed and
lung colonies were quantitated by gross examination under a
dissecting microscope after fixation of the lungs in Bouin's
fixative. Hematoxylin and eosin-stained sections were also
prepared for light microscopy and the number of tumor foci

were counted for a minimum of four complete cross-sections
of each lung.

Statistical Analyses. SEM was calculated for pooled data by
the paired Student's t test.

RESULTS
Expression of Transfected H-2Ld in COLO 320 Carcinoma

Cells. The COLO 320 colon carcinoma cell line, with amine
precursor uptake and decarboxylation properties, including
synthesis and secretion of serotonin, epinephrine, and cor-
ticotropin (22), was of potential interest as a model for
understanding the role of MHC gene expression in neuroen-
docrine cell biology. Many different neuroendocrine tumors
are deficient in class I antigen expression (8, 9), similar to
nonneoplastic endocrine cells and neurons (17). The murine
Ld gene was selected for gene transfer because both the gene
and its protein product have been well characterized, and
monoclonal antibodies are available that could be used to
specifically detect Ld antigen at the human host cell surface
(31) and thus distinguish between expression of the trans-
fected gene and endogenous class I genes. Because of the
high degree of conservation between human and murine class
I genes, which is similar to homologies between different
MHC class I genes within a species, the use of a murine gene
in human cells was considered a valid model. The pLd4
plasmid with the native Ld promoter region has been shown
to be expressed at high levels (equivalent to pRSV-Ld) even
in cells that cannot efficiently transcribe their own endoge-
nous class I genes (12). Eleven G418-resistant clones were
isolated for Southern blot analyses. As shown in Fig. IA,
EcoRI/HindIII cuts on either side of the 12-kb Ld4 gene
insert, demonstrated by the arrow as a major band migrating
slightly ahead of the 23-kb band of the A HindIII marker
fragment (indicated by the upper bar). Additional smaller
bands in B31 and Hil were not present on all Southern blots
and are believed to represent shearing of genomic DNA
during manipulation and/or recognition of additional sites
(star activity) by EcoRI. Thus, four clones contain only
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FIG. 1. Southern blot analysis of DNA from COLO 320-derived
clones after transfection with pSVneo with or without pLd4 contain-
ing the entire H-2Ld gene including the native promoter. Southern
blots were incubated with cDNA probes. (A) The 2-kb Xba I
fragment of Ld, corresponding to the Ld-specific outermost N-
terminal regions, a1 and a2. (B) The 1.5-kb BamHI fragment of
human c-myc cDNA. (C) The 600-kb Pst I fragment of the murine
13-actin cDNA. Lanes contain =15 gg of genomic DNA from the
clones indicated: 1, 11; 2, F11; 3, F21; 4, B21; 5, B32; 6, K11; 7, J11;
8, J12; 9, B31; 10, B11; 11, H11. Arrow points to the major LU (12 kb)
band. Bars indicate the position of A HindIII marker fragments:
23,000 bases (upper), and 9600 bases (lower).
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pRSV-neo (11, F11, F21, and B21), two clones have barely
detectable Ld (B32 and K11), and five have integrated high
copy numbers of Ld gene. Relative amounts of the c-myc

oncogene (Fig. 1B) were also quantitated [since c-myc is
known to be amplified in the parental COLO 320 HSR cell
line (28)] and normalized to human placental genomic DNA
on a longer exposure (unpublished data), which is taken as
the single c-myc copy number. The presence of multiple
c-myc bands (28) is believed to correspond to (i) the largest
as the 12-kb EcoRI gene fragment; (ii) the second major band
as the 10-kb EcoRI/HindIII fragment; and (iii) additional
minor bands due to shearing and/or star activity by EcoRI.
Another identical blot was probed with j-actin (Fig. 1C) to
normalize all of the previous data precisely for the amount of
genomic DNA actually loaded per lane.
To determine whether the transfected genes were being

transcribed, Northern blot analyses were performed (Fig. 2).
Only those clones containing transfected Ld expressed an
RNA species (Fig. 2A) migrating at the same position as Ld
in normal mouse tissues bearing the H-2Ld gene (lane 7). The
relative amounts of LU mRNA, normalized for actin, did not
correlate significantly with the number of Ld gene copies
present, consistent with earlier observations that the chro-
mosomal site of integration of transfected genes can have a

significant bearing on the degree of resulting expression (34).
Both the transfected and endogenous class I genes in COLO
320 were up-regulated by a and y interferons (data not
shown), indicating that the Ld promoter is probably retained
in its native configuration 5' to the integrated Ld gene. All
transfected clones (as well as the parental COLO 320) ex-
pressed c-myc mRNA at high levels (Fig. 2B). Expression of
pRSV-neo by all transfected clones (Fig. 2C) is not correlated
with the degree ofLd gene expression, indicating independent

1 2 3 4 5 6 7

A.
4-0 28S

* w * - 1 8S

B.
4--28S

*-1 8 s

C.
4-2 8S

*-1 8 S

FIG. 2. Northern blot analyses of total cellular RNA incubated
with cDNA probes. (A) Ld. (B) c-myc. (C) pSVneo. Lanes contain
15 ,ug of total RNA from COLO 320 (HSR) parental cell line (lane 1),
B21 (lane 2), J12 (lane 3), B31 (lane 4), H11 (lane 5), B11 (lane 6),
mammary tissue from the C.B-20 mouse (H-2d), which carries the
H-2Ld gene (lane 7).

transcriptional control. Northern blots were scanned by
densitometry to determine the relative quantities of Ld,
c-myc, neo, and actin in each lane. These results are sum-
marized in Table 1.
To clarify whether the different clones were capable of

expressing the foreign LU promoter more or less to the same
extent, a transient transfection assay was carried out with the
pLd-CAT construct. All clones expressed pLdCAT to a
similar extent (4-11% of baseline CAT activity).

Surface expression ofthe Ld heavy chain was detectable by
immunofluorescent light microscopy only in the H11 clone
and by flow cytometry in J11, J12, and H11 (unpublished
data). However, with the more sensitive technique of radio-
immunoassay, Ld antigen could be detected in all clones
carrying the Ld gene (Table 1), with the highest levels in J11,
J12, and H11, which formed the highest number of colonies
in soft agar.
Endogenous human class I antigen was not detectable in

any of the clones by immunofluorescent light microscopy.
However, by flow cytometry and radioimmunoassay, similar
low levels of endogenous class I antigen expression were
detected in all of the clones.

Morphological analyses of the clones revealed no differ-
ences by either light microscopy or electron microscopy. All
had occasional desmosomes, rare neurosecretory granules,
and no evidence of lumen formation. All clones stained
equally well by the ABC immunoperoxidase technique for
neuron-specific enolase and corticotropin (ACTH) (rabbit
antibodies from Dako) as well as by using our own rabbit
antibodies to the prohormone form of gastrin-releasing pep-
tide (35).

Anchorage-Independent Growth of Ld Transfectants in Soft
Agar. We assayed the clonogenic potential of all 11 clones in
soft agar at 3 wk (32). As shown in Table 1, clones lacking the
Ld gene yielded from 41 to 180 colonies per plate, with the
highest number occurring in B21. Two clones with low levels
of Ld mRNA and antigen (B32 and Kll) did not form
significantly more colonies than B21, the highest Ld-negative
clone. However, the four clones with the highest copy
numbers of Ld gene together with moderate to high levels of
Ld mRNA and antigen (J11, J12, B31, and H11) demonstrated
an increased number of colonies per plate (267-329; all with
P < 0.001) compared to the highest colony-forming LU-

Table 1. Summary of COLO 320-derived transfected clones
RIA level, %
increase over Soft agar

Northern blots background colonies
Clone Ld c-myc Neo (Ld antigen) per plate
HSR 0 644 0 0 ± 0 88 ± 7 (5)
Ill ND ND ND -9 ± 9 41 ± 8 (11)
Fli ND ND ND ND 133 ± 14 (11)
F21 ND ND ND 18 ± 9 112 ± 10 (11)
B21 0 371 54 14 ± 5 180 ± 11 (18)
B32 0 1085 122 34 ± 11* 198 ± 12 (11)
Kll 64 1013 397 35 ± 12* 209 ± 16 (6)
ill 154 1085 126 69 ± 10* 296 ± 27 (17)t
J12 54 412 161 62 ± 14* 329 ± 24 (18)t
B31 42 362 322 44 ± 4* 267 ± 15 (17)t
Bil 21 549 100 28 ± 7* 229 ± 15 (17)t
Hil 260 489 65 93 ± St 317 ± 15 (16)t
Relative amounts of Ld, c-myc, and neo mRNA were determined

by densitometry of Northern blots normalized for actin mRNA.
Cell-surface Ld antigen was determined by RIA. Results of four
experiments are pooled and are expressed as percentage increase
over background ± SE. Numbers in parentheses refer to the number
of plates per group. Results represent pooled data from five exper-
iments ± SE. ND, not determined.
*P < 0.05.
tP <0.001.

Proc. Natl. Acad. Sci. USA 86 (1989)

4 1 4



Proc. Natl. Acad. Sci. USA 86 (1989) 4703

a

0-a
C)

a
0

0

A_

0-
o
'a

@ 300-
a

200

0

o. 100~

0
0 20 40 60 80 100

Percent Maximal Ld Antigen

0 100 200

Neo mRNA

negative control, B21. One clone, B11, with low surface L',
had 229 colonies per plate, which was also significantly above
B21, although this is in the region of overlap between
Ld-positive and Ld-negative clones.
Analyses of these data indicate a strong linear correlation

between clonogenic ability and the relative levels of Ld
antigen (r = 0.89; P < 0.001) (Fig. 3A). There is a weaker
linear correlation between clonogenic ability and relative
amounts of Ld mRNA (r = 0.67; P < 0.05) (Fig. 3B). In
contrast, there was no correlation between clonogenic
growth and relative amounts of c-myc or RSV-neo mRNA
(Fig. 3C).

Metastases in Immunodeficient Mice. For in vivo analyses,
several clones were selected based on the number ofLd gene
copies-namely, F21 (no Ld), B32 (low Ld), and J12 (high Ld).
Results of in vivo metastatic or clonogenic ability were
correlated directly with the in vitro data (Fig. 4). The number
of colonies per lung in nude mice correlated closely with the
number of colonies formed by these clones in soft agar (r =
1.00 in this experiment; r = 0.98 overall). Thus, clones with
increased Ld antigen formed more metastases in vivo, such
that the clonogenic ability in soft agar appeared to correlate
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FIG. 4. Correlation of lung colony-forming ability in nude mice
and the number of colonies formed in soft agar. Cell lines tested in
this experiment are F21 (no Ld), B32 (low Ld), and J12 (high Ld).
Thus, F21 was the only Ld-negative cell line tested. The number of
lung specimens examined was 12, 12, and 10, respectively.
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FIG. 3. Correlation of anchorage-independent
growth of COLO 320-derived clones and cell-
surface Ld antigen (determined by RIA) (A), rela-
tive Ld mRNA levels (B), and relative pRSVneo
mRNA levels (all taken from Table 1) (C). Mean

. numbers of colonies per plate are given + 1 SE.
300 400 Correlation coefficients are indicated. (A, P <

0.001; B, P < 0.05; C, P > 0.10.)

with tumor formation in nude mice. The presence of malig-
nant cells in the lung foci was confirmed histologically and the
number of positive foci per 10 low-power fields correlated
directly with the soft agar cloning efficiency of these clones
(unpublished data).

DISCUSSION
We here demonstrate that MHC class I gene expression can
result in a positive modulation of malignant growth potential
ofa neuroendocrine cell line, which supports the concept that
these antigens may have a nonimmunological role (21). The
principal evidence supporting this contention was the strong
correlation between soft agar clonogenic potential and levels
of Ld antigen (Fig. 3A; r = 0.89; P < 0.001). There was a

weaker correlation between growth and Ld mRNA levels
(Fig. 3B; r = 0.67; P < 0.05). Thus, five distinct clones with
more than two or three copies of the murine H-2Ld gene
demonstrated increased clonogenic ability, which was highly
significant (P < 0.001) as compared to the negative control
with the highest clonogenic ability, B21 (Table 1 and Fig. 3).
This increased clonogenic ability could be a primary occur-
rence, with increased Ld gene expression occurring second-
arily, perhaps due to cross-binding of growth-potentiating
trans-acting factors. However, transient expression of Ld-
CAT was not significantly different between Ld-negative
controls and high Ld clones with high Ld gene copy number.
This suggests that there is no intrinsic difference in the
capacity of the distinct clones to initiate transcription at the
Ld promoter.
Another possible explanation is that chromosomal pertur-

bations induced by the calcium phosphate precipitation trans-
fection method (36) or spontaneously occurring in the paren-
tal cell line (22) may have given rise to clones with greater or

lesser clonogenic potential. However, it seems reasonable to
suggest that four Ld-negative controls and three low Ld
clones with 41-229 colonies (mean) per plate and four mod-
erately to strongly Ld-positive clones with 267-329 colonies
(mean) per plate are unlikely to result from random chromo-
somal aberrations, especially in view of the high statistical
significance.

400

B R = 0.67
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Finally, there was no correlation between growth and
c-myc gene copy number or relative abundance of c-myc
mRNA. Similarly, there was no correlation between clono-
genic ability and pRSV-neo gene expression (Table 1 and Fig.
3C), indicating that the results were not simply due to
integration of foreign DNA.

Potential mechanisms involved in the observed growth
enhancement by elevated MHC class I gene expression
include (i) "presentation" of peptide growth factors to
growth factor receptors such as the epidermal growth factor
receptor and the insulin receptor, which have been demon-
strated to be physically associated with class I antigens in the
plasma membrane (37, 38); (ii) stabilization of growth factor
receptor conformation to enhance binding of peptide growth
factors to their receptors, which could explain the correlation
between MHC haplotype and the Ka of the glucagon receptor
(39); (ii) increased expression of class I antigens with their
intracellular domain associated with cytoskeletal proteins
(40) may favor a cell shape that optimizes cell division (41);
(iv) increased MHC with its phosphorylated intracellular
serine and threonine (42) could serve as a phosphate donor in
tyrosine phosphorylation of growth factor receptors or oth-
erwise facilitate the signal transduction mechanism triggering
DNA synthesis and cell division.
MHC class I gene transfection has been recently demon-

strated to inhibit rather than increase clonogenic growth of a
different human colon carcinoma cell line, HCT-15 (21).
These data are not viewed as contradictory, but rather as an
indication of the complexity of growth control signaling
pathways. Several other molecules have both positive and
negative growth regulatory effects depending on the target
cell type and/or the hormonal milieu, including transforming
growth factor (8 (43), amphiregulin (44), and nerve growth
factor (45). The relative lack of MHC class I antigens on
normal hepatocytes (17) but their presence on regenerating
liver and hepatocellular carcinoma cells (18, 19) suggests
their possible involvement in the growth of other cell types
besides the COLO 320 model described here.
That the MHC might have nonimmunological functions is

not completely unexpected. It has been hypothesized that the
MHC might act to stabilize organogenesis-directing signals,
such as the H-Y antigen during testicular embryogenesis (46).
MHC has also been demonstrated to have an effect on cell
position (47), olfactory perception, and mating preference of
inbred mice (48), and it is linked to genes controlling growth
and development in rats and mice (49, 50). Although the
mechanisms by which these diverse functions are mediated
remains to be elucidated, the present data support the con-
cept that MHC molecules may be involved in cellular signal
transduction.
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