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RESEARCH ARTICLE

CELL BIOLOGY

In Vivo ldentification of Regulators of Cell Invasion
Across Basement Membranes

David Q. Matus,' Xiao-Yan Li,>® Sarah Durbin,' Daniel Agarwal,'* Qiuyi Chi,’
Stephen J. Weiss,>* David R. Sherwood'?
(Published 4 May 2010; Volume 3 Issue 120 ra35)

Cell invasion through basement membranes during development, immune surveillance, and metastasis
remains poorly understood. To gain further insight into this key cellular behavior, we performed an in vivo
screen for regulators of cell invasion through basement membranes, using the simple model of Caeno-
rhabditis elegans anchor cell invasion, and identified 99 genes that promote invasion, including the genes
encoding the chaperonin complex cct. Notably, most of these genes have not been previously implicated
in invasive cell behavior. We characterized members of the cct complex and 11 other gene products,
determining the distinct aspects of the invasive cascade that they regulate, including formation of a
specialized invasive cell membrane and its ability to breach the basement membrane. RNA interference—
mediated knockdown of the human orthologs of cct-5 and lit-1, which had not previously been implicated in
cell invasion, reduced the invasiveness of metastatic carcinoma cells, suggesting that a conserved genetic
program underlies cell invasion. These results increase our understanding of the genetic underpinnings of

cell invasion and also provide new potential therapeutic targets to limit this behavior.

INTRODUCTION

The ability of cells to traverse the barriers imposed by the basement mem-
brane (BM), the dense sheet-like extracellular matrix that surrounds most
tissues, is a critical cellular behavior that occurs during both normal on-
togeny and immune system function (/). For example, trophoblast cells
breach the endometrium BM to establish the placenta (2), and leukocytes
cross the perivascular BM to reach sites of infection and injury (3). Un-
controlled invasive cell activity is also associated with various human dis-
eases, most notably cancer, where transformed cells are thought to hijack
developmental invasive programs to metastasize (4, 5). Despite its impor-
tance in both development and human disease, cell invasion through the
BM remains poorly understood (1, 3, 6-8). Most of the work on cell in-
vasion has been limited to in vitro models, which do not reflect the in vivo
microenvironment and endogenous BM architecture (9, 10). Although
recent advances in imaging technology are providing new insights into
cell invasion in vertebrates (/7), it remains challenging to perform func-
tional perturbations in these models and simultaneously visualize the
complex, dynamic process of cell invasion through BMs.

Anchor cell (AC) invasion in C. elegans is a simple model of cell
invasion through BMs that combines forward genetics with single-cell
visual analysis. During C. elegans larval development, the AC, a spe-
cialized gonadal cell, breaches the gonadal and ventral epidermal BMs
to contact the central primary-fated vulval precursor cells (1° VPCs), ini-
tiating uterine-vulval connection (12, 13). AC invasion is a regulated and
robust process, which occurs invariantly before the P6.p four-cell stage in
wild-type animals (Fig. 1A) (12). During the L2-L3 molt (approximately
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6 hours before invasion), a specialized invasive cell membrane, rich in
F-actin and actin regulators, is established in the AC through coordi-
nation of netrin (/4) and integrin (/5) signaling at the interface of the
AC and BM (Fig. 1A). AC invasion is stimulated by an unidentified
chemotactic cue secreted by the underlying 1° VPCs (Fig. 1A). The abil-
ity of the AC to breach the underlying BMs in response to this cue is
dependent on two oncogenes, the bZIP transcription factor (TF) fos-Ila
(13) and zinc finger TE egl-43L, the C. elegans ortholog of vertebrate
EVII and MEL paralogs (16, 17). Together, these TFs regulate the ex-
pression of the zinc metalloproteinase zmp-1 as well as other targets en-
coding pro-invasive factors in the AC (73).

Toward the goal of comprehensively identifying regulators of cell
invasion through the BM in vivo, we have performed a focused whole-
genome RNA interference (RNAi) screen. Here, we report the identifi-
cation of 99 regulators of AC invasion, most of which have not been
previously implicated in invasion or metastasis. We have further charac-
terized the genes encoding the most robust pro-invasive factors, including
members of the cct complex and 11 others, encompassing both known
oncogenes and previously unknown regulators of cell invasion. Notably,
small interfering RNA (siRNA)-mediated knockdown of two of these
pro-invasive genes reduced the invasiveness of metastatic carcinoma
cells, suggesting that our approach has identified conserved regulators
that might be potential therapeutic targets in halting cancer progression.

RESULTS

An RNAI screen identifies 99 regulators of AC invasion

A defect in AC invasion disrupts uterine-vulval attachment and results in
an easily observed Protruded vulva (Pvl) and Egg-laying defective (Egl)
phenotype. We have taken advantage of data collected from a number of
whole-genome RNAI screens that have identified the complement of
genes giving a Pvl or Egl phenotype after RNAI depletion (/8—20). Using
these data, we examined 539 genes that produce a Pvl or Egl phenotype
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after RNAi knockdown, using Nomarski optics at the time of AC invasion
(table S1). We identified 99 genes whose reduction results in a failure of
the AC to breach the BM, as evidenced by an unbroken phase-dense line
underneath the AC (Fig. 1B and tables S2 and S3). Ninety-five percent
(94 of 99) of these genes have human orthologs as determined by
BLASTP analysis, of which 90% (85 of 94 genes) have not been previously
implicated in cell invasion or cancer metastasis (table S2). Validating the
specificity and rigor of this approach, we identified components of ge-
netic pathways known to promote AC invasion, including the TFs fos-1a
(13) and egl-43L (16, 17); the netrin receptor unc-40 (14); and the integrin
o, subunit ina-1 (15) (Table 1 and table S2).

Eleven pro-invasive genes and the cct complex
regulate the AC’s ability to breach the BM

To focus on the most crucial regulators of AC invasion, we further char-
acterized genes whose RNAI depletion gave a robust AC invasion defect,
which we set at >30%, a degree of penetrance similar to invasion defects
resulting from RNAI directed against members of known AC invasion
pathways, including FOS-1A and EGL-43L activity, as well as INA-1
and UNC-40 signaling (Table 1 and tables S2 and S3). This list includes
genes with human orthologs that have been implicated directly in cell

P6.p 1-cell stage P6.p 2-cell stage

invasion and metastasis [ida-1, a histone deactylase (27), and cdc-37,
a co-chaperone of hsp90 (22)], as well as previously unknown regulators
(mep-1, CA8A7.2, cacn-1, F28F8.5, T20B12.1, lit-1, TO3F1.8, hbl-1, unc-62,
and the cct complex) (Table 1). The genes whose RNAi knockdown gave
the most robust AC invasion defect (>79%) included seven of the eight-
member cct chaperonin complex (Table 1 and tables S2 and S3). Be-
cause AC invasion defects were similar for all cct genes tested (Table
1 and table S2), we further characterized several members of this com-
plex, cct-2, cct-5, cct-6, and cct-7 (henceforth referred to as cct). Consist-
ent with our RNAI results, AC invasion defects were detected in putative
null alleles for mep-1, hda-1, C48A7.2, and cct-6 (table S4 and fig. S1).
For genes lacking putative null alleles or whose loss of function prevented
animals from surviving to the time of AC invasion, we observed AC inva-
sion defects by using multiple double-stranded RNA (dsRNA) constructs,
ruling out off-target RNAI effects (23) (table S4). To verify that the observed
AC invasion defect was specifically because of failure to breach the under-
lying BM, we examined the integrity of laminin, a key structural component
of BM. After RNAI depletion targeting cct and the remaining 11 genes,
LAM-1::GFP (laminin) remained intact under the AC after a failure to in-
vade, confirming that the invasion defects were due to an inability to break
through the BM (Fig. 1B and fig. S2).

Fig. 1. Summary of C. elegans AC inva-
sion and invasion defects after RNAi de-
pletion. (A) Schematic representation of
the known mechanisms underlying AC in-
vasion. At the L2-L.3 molt (P6.p one-cell
stage; left), approximately 6 hours before
invasion, UNC-6 (netrin) secretion (yellow

P6.p 4-cell stage

arrows) from the ventral nerve cord (VNC)
and integrin signaling polarize the AC’s
basal cell membrane by recruiting F-actin,
actin regulators, and the netrin receptor

A wild-type L2-L3 molt | wild-type mid-to-late L3 wild-type late L3
FOS-1A/ AL
EGL-43L Q
X - - ﬂ_ N e ——
*VPC | 1°VP | " ]l 1°VP1
EVTNTa) 1 I ]
Netrin and integrin Basem?nt (rjnembrane Contact with 1° VPCs
polarization removal and response (Invasion complete)
to vulval cue
B Nomarski Fluorescence Overlay
Empty L
Vector 2
hda-1 T %,
(RNAI) A
cdc-37 i
(RNAIJ)

(UNC-40; orange) toward the juxtaposed
BMs (shown in green) (74, 15). During
the mid-to-late L3 stage (P6.p two-cell
stage; middle), an unidentified cue from
the 1° VPCs (blue arrows) stimulates in-
vasive protrusions from the AC that re-
quire the activity of the TFs FOS-1A and
EGL-43L to breach the BM. During the
late L3 stage (P6.p four-cell stage), the
AC contacts the P6.p granddaughters,
initiating the connection between the
developing uterine and the vulval epi-
thelium. (B) Nomarski image (left), corre-
sponding fluorescence image (middle),
and overlay (right). Anterior is left and ven-
tral is down. In wild-type or worms fed con-
trol RNAI (L4440 empty vector; top panel),
the AC (magenta, zmp-1>mCherry; white
arrowhead) breaches the BM (green,
LAM-1::GFP) and contacts the central pri-
mary fated P6.p granddaughters (bracket;
P6.p four-cell stage). In contrast, after RNAI-
mediated knockdown of hda-1 and cdc-37
(middle and bottom panels, respectively),
the BMs remain intact after a failure in AC
invasion (table S3). Scale bar, 5 um.
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Invasion is promoted by nine genes and the cct complex,
which function in the AC after specification

To understand how these newly identified genes regulate invasion, we
first examined transcriptional and translational green fluorescent protein
(GFP) reporters for localization and abundance. We found that the cct
complex and six other genes—mep-1, a zinc finger TF; lit-1, an ortholog

Table 1. A subset of genes for which RNAi depletion inhibits AC inva-
sion. Genes in bold are known regulators of cell invasion or metastasis.
Genes marked with an asterisk have been previously implicated in AC
invasion. A dagger (1) denotes members of the cct complex selected for

of NEMO-like kinase (NLK); cdc-37; TO3F1.8, a guanylate kinase; and
two uncharacterized conserved proteins, cacn-1 and T20B12.1—were
up-regulated in the AC before or during the time of invasion (Fig. 2,
A to G, and figs. S3 and S4), similar to other known regulators of AC
invasion [such as fos-1a, zmp-1, egl-43L, and pat-3 (the integrin } subunit)]
(13, 15-17). Additionally, we identified three genes—hda-1; F28F8.5,

further characterization. AC invasion defect is listed as the percent aver-
age defect from multiple trials (minimum of two) at the P6.p 4-cell stage
of 1° VPC division. See tables S2 and S3 for a complete list of pro-
invasive genes and the penetrance of their AC invasion defect by RNA..

Gene
. Homolog . .
public Sequence name CDS description BLASTP Homologous Hom_olog AC |nvas°|on
name (gene) protein description defect (%)
e-value
(reference)
Transcription factors
L ENSEMBL: Isoform 2 of zinc
hbl-1 F13D11.2 C2H2-type zinc finger 1.10E-20 ENSP00000340749 _ finger protein 124 42
*fos-1a . VG:OTTHUMPO000 . .
(13, 28) F29G9.4 BZIP transcription factor 0.000000017 00200848 FOS-like antigen 2 45
mep-1 M04B2.1 Zinc finger protein 45
Homeodomain ENSEMBL: Isoform Meis2C of
unc-62 T28F12.2 transcription factor 710B-79 T ENSP00000326296  homeobox protein Meis2 35
*egl-43L Zinc finger, C2H2 type : ENSEMBL:
(16, 17, 29) R53.3 (four domains) 9.10E-47 ' ENSP00000367643 FRDM16 (EVIT/MEL) 33
Chromatin remodification and architecture
hda-1 - ENSEMBL: .
(21, 32) C53A5.3 Yeast RPD3 protein like 2.80E-170 ENSP00000362649 Histone deacetylase 1 57
Protein synthesis, degradation, and folding
. . ENSEMBL: T-complex protein 1
cct-1 TO5C12.7 TCP-1-like chaperonin 3.70E-196 ENSP00000317334  subunit a 88
. L . : ENSEMBL: T-complex protein 1
feet-2 T21B10.7 TCP-1-like chaperonin 5.11E-183 ENSP00000299300  subunit 8 80
. L . 3 ENSEMBL: T-complex protein 1
cct-4 K01C8.10 TCP-1-like chaperonin 4.30E-179 ENSP00000377958  subunit 81
. . ENSEMBL: T-complex protein 1
tect-5 C07G2.3 TCP-1-like chaperonin 1.90E-203 ENSP00000280326  subunit & 86
. 4y ; : ENSEMBL.: T-complex protein 1
tect-6 FO1F1.8 TCP-1-like chaperonin 8.39E-183 ENSP00000275603  subunit 79
. L . 3 ENSEMBL: T-complex protein 1
fect-7 T10B5.5 TCP-1-like chaperonin 7.10E-188 ENSP00000258091 subunit 83
. . ENSEMBL: T-complex protein 1
cct-8 Y55F3AR.3 TCP-1-like chaperonin 3.60E-166 ENSP00000286788  subunit 6 81
cdc-37 ENSEMBL:
(22, 33) WO08F4.8 Hsp90 co-chaperone 2.00E-73 ENSP00000222005 Hsp90 co-chaperone Cdc37 44
Signaling and membrane trafficking
*ina-1 ) . ENSEMBL: Isoform o-6X1A of
(15, 31) F54G8.3 Integrin a chain 2.00E-83 ENSP00000264107  integrin a-6 precursor 30
*unc-40 . ENSEMBL: Netrin receptor DCC
(14, 30) T19B4.7 Membrane protein 1.30E-164 ENSP00000304146  precursor 58
. Serine-threonine kinase ENSEMBL: . .
lit-1 WO06F12.1 (CDC2/CDC28 subfamily) 2.50E-144 ENSP00000262393 Nemo-like kinase 31
Metabolism
TO3F1.8 TO3F1.8 Guanylate kinase 1.30E-51 ENSEMBL: Guanylate kinase 41
ENSP00000317659
C48A7.2 C48A7.2 Phosphate permease 1.90E-105 ENSEMBL: Sodium-dependent 59
ENSP00000272542  phosphate transporter 1
Nematode-specific gene with unknown function
F28F8.5 F28F8.5 30
Uncharacterized conserved genes
: ENSEMBL: Tetratricopeptide
Te0B12.1 T20B12.1 1.80E-90 ™ ENSP00000313953  repeat domain 27 45
ENSEMBL: Isoform 2 of uncharacterized
cacn-1 WO3H9.4 410B-112 ™ ENSP00000221899  protein C190rf29 32
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an uncharacterized nematode-specific gene; and C48A7.2, a sodium and
phosphate transporter—which were expressed in most cells, including
the AC (Fig. 2, H to J, and figs. S3 and S4). hbl-1 and unc-62 (the
C. elegans orthologs of the TFs hunchback and homothorax, respective-
ly) were not detected in the AC before or during the time of invasion, but
were expressed in the underlying vulval cells (unc-62>GFP) or in the
ventral nerve cord and underlying vulval cells at earlier stages of devel-

Nomarski Fluorescence

MEP-1::GFP

GFP::LIT-1

CDC-37::YFP

T20B12.1::GFP

Fig. 2. Transgene reporter localization of newly identified genes that reg-
ulate AC invasion. Nomarksi image, left; corresponding fluorescence
image, right, at the P6.p one-cell stage. Anterior is left and ventral is down.
All images are confocal z slices except (C) and (D), which are wide-field
fluorescence images. (A to J) Translational (::) and transcriptional (>)
reporter constructs for the cct complex (as shown by cct-7::GFP) and
9 of the 11 newly identified pro-invasive genes showed AC-enriched
(arrow) GFP localization in various subcellular compartments before
and during AC invasion. (K) A transcriptional reporter for unc-62 (unc-

opment (hbl-1::GFP) (Fig. 2, K and L, and fig. S5). The absence of
localization in the AC and expression in the vulval cells suggested that
hbl-1 and unc-62 might act in VPCs to promote invasion. A summary of
the localization of the proteins encoded by newly identified pro-invasive
genes is shown in Fig. 2M.

AC invasion relies on the proper specification of the AC and the
underlying 1° VPCs, which generate the invasive cue (/2). To determine

Nomarski Fluorescence

HDA-1::GFP

F28F8.5::GFP

Plasma gy c48a7.2

1= membrane
Wild-type CDC-37, LIT,
mid-to-late L3 Cytosol  T20B12.1,CACN-1,
GUK-1, CCT-7

FOS-1A, EGL-43L,
Nucleusjl HDA-1, LIT-1,

F28F8.5, CACN-1,

TO3F1.8, CCT-7

Nucleolusi™X CACN-1
e F-ACTIN, MIG-2,
Invasive UNC-40, UNC-34,
TVPC imembrane” zMp-1, CDH-3,
INA-1, PAT-3

% - | ECMIM HEMICENTIN

62>GFP) showed VPC expression before and during the time of AC in-
vasion (white brackets). (L) A translational reporter for HBL-1 (hbl-1.:GFP)
was detected in the cell bodies of the ventral nerve cord (black arrow-
heads) before and during the time of AC invasion. Although HBL-1::GFP
is not localized to the VPCs at the time of invasion, it is expressed in
VPCs hours before invasion (fig. S5). (M) Summary diagram of the sub-
cellular localization of proteins in the AC, underlying 1° VPCs, and VNC
during invasion. Genes identified in this study are bolded. Scale bar,
5 um.
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whether these newly identified genes regulate invasion by causing defects in
AC or 1° VPC cell specification, we examined the expression of /in-3>GFP
and egl-17>GFP, markers of AC and 1° VPC cell fate, respectively
(24, 25). lin-3>GFP was detected in the AC after RNAi-mediated deple-
tion of the cct complex and the remaining 11 genes, indicating that AC

F-actin
mCherry::moesinABD

>

FOS-1A:YFP zmp-1>CFP

L4440

TO3F1.8(RNAJ) cacn-1(RNAi) hda-1(RNAi) (empty vector)

Downstream
target of
fos-1a pathway

Invasive
membrane

Regulate
fos-1a pathway

Fig. 3. Newly identified regulators of AC invasion function within
established as well as previously uncharacterized pathways to promote
invasion. (A) Confocal z slice fluorescence images of F-actin probe (left;
mCherry::moeABD) and wide-field fluorescence images of FOS-1A::YFP
(middle) and zmp-1>CFP (right) in empty vector control and hda-1,
cacn-1, and TO3F1.8 RNAi-depleted animals at the time of invasion. A
single-factor ANOVA followed by Tukey’s post hoc test for significance
was used in all cases. For this and all subsequent figures, nrefers to the
number of animals per genotype. The top panel shows localization or
expression for all three reporters in wild-type ACs. RNAI depletion of
hda-1 resulted in a loss of F-actin at the invasive membrane (n = 18;
P < 0.05) and reduced FOS-1A::YFP fluorescence in the AC to 57% of
that in wild-type animals (n = 11; P < 0.05). In contrast, RNAi depletion of
cacn-1(n=11) or TO3F1.8 (n = 17) did not affect polarization of F-actin
at the invasive front (arrowhead) or significantly alter FOS-1A::YFP fluo-
rescence in the AC (n >10; P > 0.05). zmp-1>CFP expression was sig-
nificantly reduced after RNAI depletion of hda-1 or cacn-1 (n = 12 for
both; P < 0.05), but not of TO3F1.8 (n = 10; P > 0.05). (B and C) Quan-
tification of an F-actin probe (B) and FOS-1A::YFP/zmp-1>CFP (C) in

specification was normal despite reduction of activity of these genes
(fig. S6). The expression of egl-17>GFP in the underlying vulval cells
was lost only after depletion of unc-62 by RNAI, consistent with a role
for unc-62 in regulating invasion by controlling 1° VPC specification
(fig. S7). Additionally, RNAi knockdown of /4bl-1 resulted in precocious

B . .
F-actin polarity
4
35 |
: I
25 T T T +
2 T
* * * *
1.5 1
Al A [ PP
5 v N - = ©@ N = ©vu = N Q
S 508§ 8% % s Y &R
S o B 2 8 & 8§ ©® m T 8 ©
. S = g S N o o O
Perturbs F-actin localization O L o =
O Average polarity ratio
% fos-1a pathway reporter analysis
225
= |
g 200 T
2175
£
o 150
2 1
8125 .
$ 100 L I
S 751 *k . }'
L 50 g =
o *% *%
251 *%k sk L |
* * *
0 i ﬂa ﬂ. L3
2 o n T T YNTIp S -8 7
I 4 L 0w ) L = . oW
S 88 B E 82 § 3 g S 88
Upstream of fos-1a O v =
Upstream of zmp-1
OFOS-1A:YFP @ zmp-1>CFP

Vulvaless (Vul), empty vector control (L4440), and RNAi-depleted
animals in which the AC failed to invade (n >10 animals for each RNAI
depletion). *P < 0.05. (B) RNAI depletion of the cct complex, hda-1, and
mep-1 blocked polarization of F-actin at the invasive membrane (gray
bar). In Vul animals, AC invasion is blocked, but polarity is maintained
(74). Knockdown of the other genes caused defects in AC invasion,
although the ACs were still polarized. Loss of C48A7.2 resulted in reduced
AC size, which could account for an F-actin polarity ratio that is greater
than in Vul control animals. (C) RNAi knockdown of the cct complex,
hda-1, and mep-1 decreased the expression of FOS-1A:YFP (P < 0.05;
white bars) and its downstream target, zmp-1>CFP (P < 0.05; black bars)
in the AC (denoted by the double asterisks). RNAI targeting five genes
(C48A7.2, cacn-1, F28F8.5, T20B12.1, and lit-1) reduced zmp-1>CFP ex-
pression in the AC (P < 0.05), but did not affect FOS-1A::YFP expression
(denoted by the single asterisk). cdc-37 and TO3F1.8 RNAIi depletion did
not significantly decrease the expression of either fos-1a pathway reporter
(P> 0.05). Although cdc-37(RNAI) increased zmp-1>CFP expression, we
have previously shown that increased zmp-1 expression does not alter
invasion (73). Error bars report the SEM. Scale bar, 5 um.
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egl-17>GFP expression and division of the VPCs (figs. S5B and S7), a
heterochronic phenotype that leads to inability of the AC to respond to
the early release of the vulval cue (/2). Together with the transgene lo-
calization of unc-62>GFP and hbl-1::GFP, these results suggest that
unc-62 and hbl-1 promote AC invasion by regulating 1° VPC specifica-
tion, and that the remaining nine pro-invasive genes and cct complex appear
to influence postspecification aspects of the invasive process.

To further examine the function of this subset of genes from our
screen that promote invasion, we used a C. elegans strain in which only
uterine tissue, including the AC, is sensitive to RNAi (/5) (table S5).
RNAI depletions targeting cct and nine other genes, all of which showed
transgene localization in the AC (Fig. 2, A to J), blocked invasion (table
S5). Because uterine cells do not contribute to AC invasion (/2), an AC
invasion defect in this background indicates that the gene functions in
the AC. In contrast, RNAI targeting /4bl-1 and unc-62, which were not
expressed in the AC (Fig. 2, K and L) showed normal invasion in the
uterine-specific RNAi-sensitive background (table S5), consistent with
the data above suggesting that these genes function within the vulval
cells. We conclude that most of the genes identified in our screen that
block invasion after reduction of activity function within the AC.

Genes that function within the AC regulate

multiple aspects of invasion

Before invasion, netrin and integrin signaling in the AC establish a spe-
cialized F-actin—rich invasive cell membrane that contacts the underlying

UNC-6/HBL-1

Fig. 4. Identification of conserved regulators of cell invasion through BM.
(A) Newly identified AC invasion—-promoting genes were mapped onto
preexisting molecular pathways governing AC invasion. Two TFs, hbl-1
and unc-62, appear to indirectly affect invasion by regulating 1° VPC
specification. Upstream regulators (hda-1, mep-1, and the cct com-
plex; black box) control both the establishment of the AC invasive mem-
brane and the fos-1a transcriptional pathway underlying BM removal.
Additionally, genes were identified that function within (/it-7) and parallel
to (cacn-1, F28F8.5, T20B12.1, C48A7 .2) the fos-1a pathway. Lastly, we
have identified two genes, cdc-37 and TO3F1.8, that act in distinct as-
pects of AC invasion beyond the establishment of the invasive membrane
and fos-7a pathway. (B to F) CCT5 and NLK are required for tissue-
invasive activity of breast and colon tumor cells in vivo. GFP-labeled
MDA-MB-231 cells were transfected with a control siRNA (SCR) or siRNA
directed against CCT5 (siCCT5) or NLK (siNLK). The transfectants were
cultured for 3 days on top of the CAM of 11-day-old chicks. Chick BM and
cell nuclei in cross sections were visualized by staining with an antibody

BM (14, 15). To determine whether any of the pro-invasive genes that
function in the AC regulate the formation of this invasive cell membrane
domain, we used a probe containing the F-actin—binding domain of the
moesin gene (mCherry::moeABD) to visualize F-actin at the invasive mem-
brane (/4). RNAI targeting cct, hda-1, or mep-1 resulted in loss of polarized
F-actin, indicating a failure to form the invasive cell membrane (Fig. 3,
A and B, and fig. S8). Consistent with this finding, both the cct complex
(26) and the histone deacetylases (HDACs) (21, 27) regulate the actin
cytoskeleton and cell motility in mammalian cells. To determine whether
these four genes regulate invasive membrane formation through inter-
actions with netrin or integrin signaling, we examined the localization
of the netrin receptor (UNC-40::GFP) and integrin B subunit PAT-3
(PAT-3::GFP) after RNAi knockdown. Localization of the netrin receptor
(fig. S9) or of integrin (fig. S10) at the invasive membrane was not altered
after reduction of cct, hda-1, or mep-1, which suggests that these genes
function independently of netrin and integrin receptor localization to reg-
ulate the polarization of the F-actin cystoskeleton.

Independent of invasive membrane formation, the ability of the AC to
breach the underlying BM relies on at least two TFs, fos-Ia and egl-43L,
which function in the AC to regulate the expression of downstream tar-
gets, including the zinc metalloproteinase zmp-1 (13, 16, 17). To deter-
mine whether any of the genes functioning within the AC regulate the
fos-1a—egl-43L pathway, we quantified the fluorescence of a translational
reporter for fos-1a (fos-1a::YFP) and a transcriptional reporter for zmp-1
(zmp-1>CFP). Loss of five of the genes (C48A7.2, cacn-1, F28F8.5,

-

_“ =
o ©

-
>

_
[=2\]

oo

* * *

*
1
1 I
.
siCCT5 siNLK

siRNA treatment
B MDA-MB-231 [JHCT116

Mean number (10°) tumor
cells crossing CAM

o N O

scr

directed against type IV collagen (red) and with 4,6-diamidino-2-phenylindole
(DAPI; blue), respectively. (B) Cross section of chick CAM in the absence
of overlying cancer cells shows the ectodermal BM (white arrowheads)
at the CAM surface (position indicated by the black arrow). Vascular
structures, which are surrounded by type IV collagen, can also be ob-
served along with the endodermal BM along the lower edge of the CAM.
(C) GFP-labeled MDA-MB-231 cells electroporated with scrambled siRNA
(Scr) breach the chick BM. Invading cancer cells are outlined with white
dashed lines. Areas of BM degradation are demarcated with yellow
arrows. White arrowheads mark areas with intact BM. (D and E) MDA-
MB-231 cells electroporated with siRNAs directed against CCT5 or NLK
fail to breach the BM. (F) Invasion is quantified as the number of breast
(MDA-MD-231) and colon (HCT116) tumor cells (10°) that cross the CAM
surface (mean invasion + SEM of three or more experiments) after sSIRNA
knockdown of CCT5 and NLK (*P < 0.001) relative to control (Scr) siRNA
treatment, using a single-factor ANOVA followed by Tukey’s post hoc
test for significance. Scale bar, 100 um.
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T20B12.1, and /it-1) reduced the expression of zmp-1>CFP, but not the
abundance of FOS-1A::YFP, and loss of two genes (cdc-37 and TO3F1.8)
did not decrease the expression of either reporter (Fig. 3, A and C, and
figs. S11 and S12). RNAI depletion of cct, hda-1, and mep-1 decreased
both FOS-1A::YFP abundance and zmp-1>CFP expression. These results
suggest that HDACs may play a conserved role in the transcriptional reg-
ulation of fos family oncogenes during invasion, because in mammalian
cell culture, HDAC inhibition represses invasion in v-fos transformed cells
and leads to the reexpression of normally suppressed genes (27). Notably,
loss of the cct genes, hda-1, and mep-1 also perturbed F-actin polarity,
revealing a set of upstream regulators that control both fos-/a—dependent
BM removal and invasive membrane formation (/3—-15).

Of the five genes that promoted zmp-1>CFP expression, only the abun-
dance of the translational reporter for /it-1 (GFP::lit-1) was decreased by
fos-1 RNAI depletion, indicating that /it-/ is a target of fos-Ia (figs. S13
and S14A). Additionally, /iz-1 RNAI depletion did not affect FOS-1A::YFP
abundance or egl-43L>GFP expression in the AC (fig. S14), which sug-
gests that it acts downstream of fos-la and egl-43L but upstream of
zmp-1 to promote AC invasion (Fig. 4A). The remaining four genes that
promote zmp-1>CFP expression appear to act parallel to the fos-Ia
pathway, because fos-I RNAI depletions did not affect the abundance of
their reporters (fig. S13). Together, these experiments identify three main
groups of genes that promote AC invasion: (i) upstream regulators control-
ling both the establishment of the invasive membrane and BM removal
through the fos-1a pathway (cct complex members, mep-1, and hda-1);
(i1) genes that are downstream (/i-/) or parallel (C48A7.2, F28F8.5,
T20B12.1, and cacn-1) to the fos-la pathway; and (iii) two genes (cdc-
37 and TO3F1.8) that fail to regulate either invasive membrane formation
or components of the fos-/a pathway, which suggests that they control
distinct aspects of AC invasion (Fig. 4A).

cct-5/CCT5 and lit-1/NLK are required for

invasion in carcinoma cells

The human orthologs of genes that promote AC invasion [fos-1a/FOS fam-
ily members (28), egl-43L/EVI-1 (29), netrin (30), and integrin (3/)] reg-
ulate the tissue-invasive activity of mammalian cells. Similarly, several of
the human orthologs to genes identified in our screen have been directly
implicated in controlling cell invasion or metastasis, including HDAI and
CDC37, both of which are targets of anticancer therapeutics (32, 33). To
determine whether any of the other newly identified genes also regulate the
invasive behavior of mammalian cells, we used siRNA to knock down human
orthologs of two genes, cct-5/CCT5 and lit-1/NLK, in transformed human
breast cancer cells (MDA-MB-231) and colon carcinoma cells (HCT116)
explanted onto a chick chorioallantoic membrane (CAM), an ex vivo sys-
tem used to assay the ability of cells to cross an endogenous BM (34) (Fig.
4B). Although not linked previously to tissue-invasive activity, members of
the CCT-TCP-1 complex are thought to function as chaperones for various
proteins, including actin and tubulin monomers (26), and NLK is a negative
regulator of the canonical Wnt signaling pathway (35). After electroporation
with scrambled siRNA controls, breast and colon carcinoma cells could
breach the BM of the chick CAM (Fig. 4C). Strikingly, siRNA-mediated
knockdown of either CCT5 or NLK reduced invasion in both cancer cell
lines, leaving the BM intact under the proliferating tumor mass (Fig. 4, D
and E, and fig. S15, B and C). SiRNA-mediated depletion of CCT5 and
NLK did not significantly affect breast carcinoma cell proliferation, migra-
tion, or apoptosis (fig. S15, E and F), suggesting that these genes specifi-
cally affect the BM transmigration activity of the cancer cells. Together,
these results suggest that the genes identified that control AC invasion might
also be components of a conserved mechanism used by mammalian cells to
breach BM barriers.

DISCUSSION

BM invasion is a critical process that occurs during development, im-
mune system surveillance, and the spread of metastatic cancer. Here,
we report the identification of 99 genes that promote AC invasion during
C. elegans larval development through a loss-of-function screen to iden-
tify cell invasion regulators in vivo. We have identified genes with in-
creased expression in the AC (cdc-37 and lit-1), as well as several that
were ubiquitously expressed (hda-1, F28F8.5, and C48A7.2), critically
important genes that might be missed in expression-based studies to
identify genes that regulate invasion. Remarkably, 90% of the pro-
invasive genes that have human orthologs have not been previously im-
plicated in cell invasion or cancer metastasis. We further characterized
the most robust regulators of AC invasion, identifying /it-1 as a new
member of the fos-Ia pathway, as well as a set of genes (cct complex,
hda-1, and mep-1) that function to regulate multiple aspects of invasion,
including the establishment of a specialized invasive membrane (/4, 15)
and the ability to remove underlying BM (/3).

The basement membrane, which is an interwoven network of extra-
cellular matrix molecules, is an ancient metazoan structure underlying
the basal surface of epithelia and endothelia. The predominant compo-
nents of the BM that provide structural support and barrier function are
the meshwork of type IV collagen and laminin, which are evolutionarily
conserved from sponges to humans (8, 36). Similar to other cell biological
processes (such as stem cell determination and maintenance, apoptosis,
regulation of cell division, and epithelial-to-mesenchymal transition), it
has been suggested that the genetic networks controlling cell invasion
during development are also conserved and redeployed during tumor in-
vasion (I, 8, 34, 36, 37). Here, we provide additional evidence for the
conservation of cell invasion programs during development and disease
showing that the human orthologs of several newly identified regulators
of AC invasion, including the genes encoding the cct complex and /it-1,
which encodes an intracellular kinase, also function during carcinoma cell
invasion. This suggests that much of the required invasion machinery is
shared and that the regulators of cell invasion identified here might offer
potent new therapeutic targets to modulate invasive cell behavior in devel-
opment and human diseases such as cancer.

MATERIALS AND METHODS

Worm handling and strains

Wild-type nematodes were strain N2. Strains were reared at 15°, 20°,
and 25°C under standard conditions (38). In the text and figures, we
designate linkage to a promoter with the (>) symbol and linkages that
fuse open reading frames with the (::) annotation (/4). Vulvaless animals
were created with the strain /in-3(n1059)/lin-3(n378) (12). The following
transgenes and alleles were used for experiments performed in this paper:
qyls42[pat-3::GFE ina-1], qvis49[T03F1.8::YFP], qyls67[cdh-3>unc-
40::GFP], qyls68[cdh-3>unc-40::GFP], qvls69[C48A47.2::YFP],
qyls72[cdc-37::YFP], qvIs91 [egl-43L::GFP], qyls93[hda-1::GFP],
qyls96[cacn-1>GFP], qvis99[unc-62>GFP], qvIs100[T20B12.1::GFP],
qvis102[fos-1a>rde-1], qylsl14[cdh-3>cacn-1::GFP], qyEx171 [cct-
7::GFP], UL906[F28F8.5::GFP], sEx10433 [cct-2>GFP], sEx12510[cct-
7>GFP], ctls39[hbl-1::GFP], neExl [lit-1::GFP], cgc5338IsImep-1::GFP]J;
LGI: ayls4[egl-17>GFP], dpy-5(e907); LGIL: cacn-1(tm3042), cacn-
1(tm(3126), cct-2(0k3438), qvIs17[zmp-1>mCherry], rrf-3(pk1426), rol-
6(n1270); LGIIL: cct-6(0k2904), lit-1(0k649), unc-119(ed4), syls107 [lin-3>GFPJ;
LGIV: eri-1(mg366), mep-1(n3702), mep-1(q660), mep-1(0k421),
syls68 [zmp-1>CFP], dpy-20(el282), lin-3(n1059)/lin-3(n378); LGV:
hda-1(e1795), hda-1(0k1595), rde-1(ne219), qyls50[cdh-3>mCherry::moeABD],
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LGX: hbl-1(mg285), hbl-1(vel8), lin-15B(n744), syls123 [fos-1a::YFP],
qvIs66[cdh-3>unc-40::GFP], qyls7[lam-1::GFP].

Molecular biology and generation of transgenic animals
Translational reporter constructs fusing coding sequences for GFP to
complementary DNAs (cDNAs) encoding UNC-40, laminin, and the actin-
binding domain of moesin have been described previously (/4, 15). We
used polymerase chain reaction (PCR) fusion (/3) to generate promoter>GFP
and PROTEIN::GFP constructs to the genes listed in table S6. AC-specific
promoter fusions were generated with the cdh-3"**% AC-specific reg-
ulatory element (/3). Templates and specific primer sets for each promoter
and reporter gene are listed in table S7. Transgenic worms were created by
transformation with co-injection markers pPDMMO16B (unc-119+) into
the germline of unc-119(ed4) worms. These expression constructs were
injected with Eco RI-digested salmon sperm DNA and pBSSK-DNA at
50 to 100 ng/ul serving as carrier DNA along with serial dilutions of the
GFP fusion construct to optimize expression levels and avoid toxicity.
Transgenic extrachromosomal (Ex) lines and integrated strains (Is) gener-
ated in this study are listed in table S6. Integrated strains were generated as
described previously (73).

RNA interference

dsRNA for the 539 genes listed in table S1 was delivered by feeding to rrf-
3(pk1426) worms by means of the RNAI protocol that was originally used
to produce a Pvl or Egl phenotype (L4 or L1 plating) (/8-20). RNAi vec-
tors from the Simmer ez al. (18) and Rual et al. (20) dsRNA libraries were
sequenced to verify the correct insert. One hundred-base pair dsSRNA
constructs were designed and cloned into 14440 to minimize any potential
off-target RNAI affects with the Web portal dsCheck (http://dscheck.
rnai.jp/) (table S4) and fed to rrf-3(pki1426); lam-1::GFP worms to verify
AC invasion defects. Uterine-specific RNAI sensitivity was generated by
restoring RDE-1 protein to the cells of the somatic gonad under the control
of the fos-1a promoter in rde-1(ne219) mutant animals, using rde-1(ne219),
Jos-1a>rde-1; rrf-3(pk1426) worms (15).

Image acquisition, processing, and analyses

Images were acquired by means of a Zeiss Axiolmager A1 microscope
with a 100% plan-apochromat objective and a Zeiss AxioCam MRm
charge-coupled device camera, controlled by Zeiss Axiovision software
(Zeiss Microimaging), or with a Yokogawa spinning disk confocal mounted
on a Zeiss Axiolmager Al microscope using [Vision software (Biovision
Technologies). Images were processed in ImageJ (NIH Image) and over-
laid with Photoshop CS3 (Adobe Systems).

AC invasion scoring, polarity, and fluorescence
intensity measurements

AC invasion was evaluated in relation to the timing of P6.p descendant di-
visions, the L3 molt, gonad reflection, and ventral uterine (VU) cell
divisions (/3). For the initial RNAI screen, all 539 genes (table S1) targeted
by feeding RNAi were scored with Nomarski optics for AC invasion
defects and the production of adult Pvl and Egl phenotypes to confirm
the effectiveness of the RNAI clone used. At least two independent
dsRNA feeding experiments were performed for those genes that showed
an AC invasion defect (defined as a minimum of two out of nine animals
having a block in AC invasion) upon RNAIi depletion (tables S2 and S3).
Polarity measurements and ratios for F-actin (mCherry::moeABD) and
UNC-40::GFP in wild-type, mutant, and RNAi-targeted strains were de-
termined with ImageJ (NIH Image) v.1.4 by comparing the average fluo-
rescence intensity from five-pixel-wide line scans drawn along the invasive
and noninvasive membranes of mCherry::moeABD and UNC-40::GFP in

wild-type and RNAi-depleted animals. A polarity ratio was generated by
dividing the fluorescence density of the invasive membrane by the fluores-
cence density of the noninvasive membrane (n >10 animals were scored for
each genotype with an observable defect in AC invasion at the P6.p four-
cell stage) (14, 15). Fluorescence intensity measurements of AC GFP abun-
dance for translational reporters fos-la::YFP (syls123), T20B12.1::GFP
(qvIs100), GFP::lit-1 (neExl), F28F8.5::GFP (UL906), cdc-37::YFP
(qvIs72), and TO3F1.8::YFP (qvis49) and AC GFP expression of transcrip-
tional reporters zmp-1>CFP (qvis17), egl-43L>GFP (qvis91), cacn-1>GFP
(qv1s96) were determined with ImageJ (NIH Image) v.1.4 (15) (n >10 animals
for each with an observable defect in AC invasion). In all cases, except
quantification of GFP::LIT-1 abundance (by an unpaired Student’s ¢ test),
a single-factor analysis of variance (ANOVA), followed by Tukey’s post
hoc test was used to determine statistical significance of changes in GFP
abundance or polarity.

Tissue culture, siRNA electroporation, and

CAM invasion assay

Human breast cancer cells (MDA-MB-231) or colon cancer cells (HCT116),
marked with GFP, were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS). Cells were transfected
with 50 pmol each of control, CCT5, or NLK siRNA (Invitrogen) by
electroporation with Amaxa Cell Line Nucleofector Kit V according to
the manufacturer’s instructions (Lonza). Silencing efficiency was estab-
lished 48 hours after electroporation by reverse transcription PCR (RT-PCR)
(fig. S15A). Transfected cells (~1 x 10°) were cultured atop the CAM of
11-day-old chicken embryos for 3 days as described previously (34, 39).
Invasion was monitored in cross sections of the fixed CAM by fluores-
cent microscopy with BM integrity assessed with a chick-specific mouse
monoclonal antibody directed against type IV collagen (provided by J. Fitch
and T. Linsenmayer, Tufts University). Invasion is expressed as the mean
number of tumor cells (10°) below the CAM surface; statistical signifi-
cance was calculated by a single-factor ANOVA followed by Tukey’s
post hoc test. CAM invasion results obtained with a pool of CCT5 siR-
NAs or a single NLK siRNA were confirmed with at least two individual
CCTS5 siRNAs or a second independent siRNA directed against NLK
(fig. S15B). Cancer cell migration, proliferation, and apoptosis (fig. S15,
E and F) were quantified as described (34, 39).

SUPPLEMENTARY MATERIALS

www.sciencesignaling.org/cgi/content/full/3/120/ra35/DC1

Fig. S1. Putative null alleles of mep-1, hda-1, cct-6, C48A7.2, and hbl-1 show AC invasion
defects.

Fig. S2. LAM-1::GFP (laminin) is intact following RNAI targeting the cct complex and 11
other pro-invasive genes at the P6.p 4-cell stage of VPC division.

Fig. S3. Transgene reporter localization of newly identified pro-invasive genes at the P6.p
2-cell stage of VPC division.

Fig. S4. Transgene reporter localization of newly identified pro-invasive genes at the P6.p
4-cell stage of VPC division.

Fig. S5. hbl-1 functions in VPC specification to promote AC invasion.

Fig. S6. The AC is correctly specified, as shown by lin-3>GFP, following RNAI depletion of
the newly identified regulators of AC invasion.

Fig. S7. 1° VPC specification following RNAi depletion of newly identified AC invasion genes.
Fig. S8. Identification of regulators of invasive membrane formation.

Fig. S9. Regulators of invasive membrane formation function independently of netrin receptor
localization.

Fig. S10. Regulators of invasive membrane formation function independently of integrin
receptor localization.

Fig. S11. Identification of regulators of the fos-1a pathway.

Fig. S12. Identification of genes that act within or parallel to the fos-1a pathway.

Fig. S13. fos-1a RNAi depletion identifies /it-1 as a new member of the fos-1a pathway.
Fig. S14. lit-1 functions downstream of fos-1a and egl-43L during AC invasion.
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Fig. S15. CCT5 and NLK siRNA-mediated knockdown specifically affect BM transmigration
activity.

Table S1. 539 Pvl and Egl genes targeted by RNAi for AC invasion defects.

Table S2. Identification of 99 regulators of AC invasion.

Table S3. RNAI depletion of 99 genes results in an AC invasion defect.

Table S4. Timing and degree of AC invasion into the vulval epithelium: mutant analysis
and off-target RNAi controls.

Table S5. Timing and degree of AC invasion into the vulval epithelium: uterine-specific
RNAI.

Table S6. Extrachromosomal array and integrated strain generation.

Table S7. Primer sequences and templates used for PCR fusions and restriction enzyme
cloning.
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