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T

 

he

 

 concept of anchorage-dependent growth and the
close relationship between anchorage indepen-
dence and tumorigenicity were first appreciated

more than a quarter century ago (9, 16, 23, 24). Penman
and his coworkers then showed that incubation of cells in
the absence of substratum (e.g., tissue culture plastic or
purified extracellular matrix protein [ECM]) resulted in
an inhibition of mRNA production and protein synthesis
(2). These effects became less pronounced with increasing
degrees of cell transformation (27). The Folkman labora-
tory showed that a spread cell shape, rather than adhesion
per se, was required for the proliferation of anchorage-
dependent cells (8). Like the effects of growth factors, the
growth regulatory effects of cell anchorage and cell shape
mapped to the G1 phase of the cell cycle. With the recent
explosion of information about cell cycle control in gen-
eral, and cyclin-dependent kinases (cdks)
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 in particular, we
have begun to develop a molecular picture that can now ex-
plain these fundamental tenets of mammalian cell biology. 

 

Regulation of G1 Phase and DNA Synthesis by the 
Cyclin-dependent Kinases

 

Several timely reviews have been written on the cdks, so it
is sufficient to say that a subset of these enzymes mediates
cell cycle progression through G1 phase. In mammalian
cells, the key G1 phase cdks are cdk4 (and its functional
counterpart, cdk6) and cdk2. Cdk4/6 and cdk2 are inactive
in the absence of their cyclin partner(s), and they are acti-
vated by the binding of D type cyclins (D1, D2, or D3 to
cdk4/6) or cyclin E (to cdk2). Cyclin A is induced at or
near the G1/S boundary; it binds to cdk2 in S phase and is
involved in S phase progression. Microinjection of anti-
sense cDNA or antibodies to cyclin A in G1 phase cells
blocks subsequent DNA synthesis (10, 19). 

In addition to cyclin binding, the activity of the G1
phase cyclin-cdks is affected by the action of specific cdk-
inhibitors (CKIs). There are two CKI families: the cip/kips
(p21

 

cip1

 

, p27

 

kip1

 

, and p57

 

kip2

 

) which bind to cyclin E-cdk2,

cyclin A-cdk2, and cyclin D-cdk4/6, and the INK4s (p15,
p16, p18, and p19) which bind only to cyclin D-cdk4/6. Early
studies indicated that the binding of one p21 molecule to
cyclin A-cdk2 was insufficient to inhibit kinase activity but
that higher order associations would inhibit the cyclin
A–dependent kinase (29). This conclusion was then ex-
trapolated to the other p21 family members, but the re-
cent crystal structure of the cyclin A-cdk2-p27 complex
shows that one copy of p27 fully inhibits kinase activity
(20). The degree to which single/multiple copies of p21
and p27 are able to inhibit cyclin E-cdk2 and cyclin D-cdk4/6
may therefore require reevaluation. There have been no
reports of anchorage effects on the INK4s, so they are not
discussed further here.

Mitogenic growth factors promote G1 phase cell cycle
progression by stimulating the formation or activation of
cyclin D-cdk4/6 and cyclin E-cdk2. These mitogenic effects
typically involve increases in cyclin D expression and de-
creases in CKI expression. The active enzymes then phos-
phorylate the retinoblastoma protein (pRb) and its family
member, p107. Hypophosphorylated pRb and p107 form
complexes with members of the E2F family, and the com-
plexes act as transcriptional repressors (21, 26). pRb and
p107 phosphorylation results in disruption of pRb/E2F and
p107/E2F complexes, allowing for the induction of E2F-
dependent genes such as cyclin A (5). The recent studies
discussed below confirm the critical role of growth factors
in stimulating cyclin D– and E–dependent kinase activi-
ties, as well as pRb and p107 phosphorylation, but they
also indicate that these effects are not likely to occur if
cells are growth factor–stimulated in the absence of a sub-
stratum. Indeed, it now seems this coordinated control of
the G1 cyclin-cdks by growth factors and the ECM under-
lies the well-established anchorage requirement for the
proliferation of nontransformed cells. 

 

Effects of Cell Anchorage on Cyclin D1

 

Cyclin D1 is the primary D type cyclin for several anchor-
age-dependent cell types, and recent studies indicate that
the ECM and mitogens are jointly required to induce cy-
clin D1 expression (3, 30). In both NIH-3T3 cells and hu-
man fibroblasts, we found that cyclin D1 mRNA and pro-
tein were not induced if quiescent cells were stimulated
with mitogens in the absence of substratum. The transla-
tion of cyclin D1 from preexisting cyclin D1 mRNA is also
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blocked when cells are incubated in the absence of sub-
stratum (30). Adhesion-dependent cyclin D1 expression is
causal for cell cycle progression: forced expression of cy-
clin D1 in nonadherent 3T3 cells rescues pRb phosphory-
lation and entry into S phase (22, 30). 

 

Effects of Cell Anchorage on Cyclin E-cdk2 Activity

 

Cyclin E and cdk2 protein levels are only moderately in-
duced in G1 phase, but cyclin E-cdk2 kinase activity is
strongly growth factor–dependent and increases dramati-
cally in late G1 phase. This induction fails to occur if cells
are stimulated with mitogens in the absence of substratum,
presumably because cell adhesion to ECM decreases steady-
state levels of the p21-like CKIs. The expression of p21 is
increased (7, 30) and the degradation of p27 is decreased
(22) in suspended fibroblasts. In contrast, cell adhesion
does not have pronounced effects on (

 

a

 

) the levels of cy-
clin E or cdk2, (

 

b

 

) formation of the cyclin E-cdk2 complex,
or (

 

c

 

) the positive and negative regulatory phosphoryla-
tions that modulate cdk2 activity (4, 7, 14, 22, 30).

An important feature of the p21 CKI family is that they
bind to cyclin D1-cdk4/6 as well as cyclin E-cdk2. The total
p21/p27 pool is normally distributed between these cyclin-
cdk complexes in G1 phase cells. This fact would suggest
that cyclin E-cdk2 activity might also be regulated indi-
rectly by the adhesion-dependent expression of cyclin D1
and formation of cyclin D1-cdk4/6 complexes. Indeed,
Zhu et al. (30) found that cyclin E–dependent kinase activ-
ity was strictly adhesion-dependent in NIH-3T3 cells even
though adhesion to substratum had only minimal effects
on total p21/27 levels in this cell line. Cyclin D1 levels were
strongly adhesion–dependent in this system, so the ab-
sence of cyclin D1, with the consequent reduction in cy-
clin D-cdk4/6 complexes, probably allowed for a redistri-
bution of the total p21/27 pool in the suspended cells.
Cyclin E-cdk2 would be targeted in this redistribution
because G1 phase cells were used and hence lacked cyclin
A-cdk2 and cyclin B-cdc2.

Thus, through changes in steady-state levels, redistribu-
tion, or both, adhesion of cells to substratum reduces the
amounts of p21 and p27 that are available to bind to cyclin
E-cdk2, and this effect correlates well with the adhesion
requirement for cyclin E-cdk2 activity. However, it is worth
noting that two studies (4, 14) have observed an inhibition
of cyclin E-cdk2 activity in suspended cells that could not
be traced to these cdk inhibitors. 

 

Adhesion-dependent Phosphorylation of the 
Retinoblastoma Protein and p107

 

Several recent reports show that pRb phosphorylation is
dependent upon cell anchorage as well as growth factors
(3, 14, 22, 30). Schulze et al. (22) also showed the same re-
sult for p107. In one sense these results are expected be-
cause cell anchorage and mitogens jointly regulate the in-
duction of cyclin D–dependent and cyclin E–dependent
kinase activities (see above). Yet in another sense, the re-
sult strongly emphasizes the point that growth factors and
the ECM are partners in cell cycle control, with each pro-
viding essential signals that allow for proper induction of
the G1 cdks and phosphorylation of their substrates. Be-
cause cdk-mediated phosphorylation disrupts Rb/E2F and

 

p107/E2F complexes, the result also suggests that E2F-reg-
ulated genes in general will be controlled by cell anchor-
age to substratum.

 

Adhesion-dependent Expression of Cyclin A

 

The induction of cyclin A is strongly dependent on signals
from the ECM, and several lines of evidence indicate that
a large part of this effect is a consequence of adhesion-
dependent pRb/p107 phosphorylation. First, there is a close
correlation between the adhesion-dependent phosphory-
lation of pRb (or p107) and expression of cyclin A (14, 22,
30). Second, forced expression of cyclin D1 in nonadher-
ent NIH-3T3 cells rescues pRb phosphorylation, expression
of cyclin A, and entry into S phase (22, 30). Third, the over-
expression of cyclin D1 transactivates the cyclin A promoter
(21). Fourth, the overexpression of E2F1 induces cyclin A
expression and anchorage-independent growth (5, 28).

Three laboratories (13, 21, 31) have identified a small
GC-rich motif that mediates repression of the cyclin A
promoter, and one of the studies (21) also showed that this
motif is actually a variant E2F site that binds to E2F4 and
E2F4/p107 specifically. This result is attractive because the
only other potential E2F sites in the cyclin A promoter are
downstream of the transcription start sites, and they ap-
pear to be nonfunctional (15). So the suggestion is that cy-
clin A expression may be repressed in G0 and G1 phase by
a variant E2F site that is occupied by an E2F4/p107 com-
plex (21, 22). Cdk-mediated phosphorylation of p107 in
mid-late G1 phase would relieve repression by allowing
for the dissociation of the complex and release of E2F4.
E2F1 binds to this site weakly (31), suggesting that overex-
pression of E2F1 may stimulate cyclin A expression by dis-
placing the E2F4/p107 complex or by competing for the
site with low affinity. The forced expression of cyclin D1 in
suspended cells could rescue cyclin A expression directly
(through cdk4/6 mediated phosphorylation of p107) or in-
directly by sequestering cdk inhibitors (allowing for an-
chorage-independent cyclin E-cdk2 activity and cyclin E-cdk2–
dependent p107 phosphorylation). The latter mechanism
is supported by the finding that transfection of a dominant-
negative cdk2 blocks G1/S expression of a cyclin A promoter-
luciferase reporter construct (4). 

An E2F-independent mechanism also seems to be in-
volved in the adhesion-dependent expression of cyclin A.
Nonadherent NRK cells and v-ras–infected

 

 

 

ER-1-2 cells
express cyclin D1, possess cyclin E-cdk2 kinase activity,
and phosphorylate pRb when treated with mitogens in
suspension (11, 14). Yet cyclin A expression remains adhe-
sion-dependent and forced expression of cyclin A rescues
entry into S phase in the absence of substratum (11, 14).
This mechanism remains largely uncharacterized, but may
involve c-

 

myc

 

 (1) and/or a CCAAT-binding protein (15).

 

A Model for the Coordinate Control of G1 Phase 
Cyclin-dependent Kinases by Growth Factors and
the Substratum 

 

Fig. 1 shows a working model of G1 phase cell cycle pro-
gression that emphasizes joint control by growth factors
and the substratum. Both stimuli are required for induc-
tion of cyclin D1 mRNA, and the substratum is also re-
quired for the translation of cyclin D1 mRNA. In the dif-
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ferent ways discussed above, growth factors and the ECM
also control the steady-state levels of p21 and p27. Coordi-
nated titration of cyclin D1, p21, and p27 levels by growth
factors and the ECM allows for proper cyclin/cdk/CKI
stoichiometry and G1 phase activation of cyclin D– and
E–dependent kinase activities. At least in part, these en-
zymes control the cell cycle by phosphorylating pRb and
p107, thereby allowing for the dissociation of E2F and the
induction of E2F-dependent genes including cyclin A. The
less well characterized E2F-independent induction of cy-
clin A is also shown. 

This model can also account for the anchorage-depen-
dent phenotype of nontransformed cells. In suspended
cells, mitogens are unable to induce the expression of cy-
clin D1 and the formation of cyclin D1-cdk4/6 complexes.
So the p21/p27 pool redistributes and binds to cyclin E-cdk2.
This effect is complemented by a reduced degradation of
p27 and increased expression of p21; studies in vitro sug-
gest that all three effects can contribute to the inhibition of
cyclin E kinase activity in suspended cells. The absence of
cyclin D1-cdk4/6 and cyclin E-cdk2 activity precludes phos-
phorylation of pRb/p107 and thereby inhibits E2F-directed
expression of the cyclin A gene.

A few issues still need to be resolved. In some studies,
nonadherent cells lack both cyclin D-cdk4 and cyclin E-cdk2
activity (22, 30) while others (7) find that only cyclin E-cdk2
activity is adhesion-dependent. We find that adhesion-
dependent cyclin D1 expression is typically the determining
factor in adhesion-dependent cyclin D-kinase activity (3,
30), but others find that cyclin D-cdk4/6 activity, but not
cyclin D1 expression, is blocked in suspended cells (22). 

 

Links between Integrins, the Cytoskeleton, and 
Anchorage-dependent Cell Cycle Control

 

Cell anchorage to substratum reflects the interaction of

the ECM with integrins, a family of cell surface receptors
comprised of 

 

a

 

 and 

 

b

 

 chains that heterodimerize in dis-
tinct combinations to confer ligand specificity. A few stud-
ies have tried to link specific integrins with specific events
in anchorage-dependent cell cycle progression. Symington
(25) showed that cdk activity and pRb phosphorylation
were stimulated when an 

 

a

 

5

 

b

 

1 integrin overexpressing
K562-subclone was treated with the peptide GRGDS (a
ligand for 

 

a

 

5

 

b

 

1 integrin). Meredith et al. (18) microin-
jected a growth inhibitory form of the 

 

b

 

1-integrin subunit
(called 

 

b

 

1c) into 10T1/2 fibroblasts and found that cell cy-
cle progression was blocked in late G1, near or after the
induction of cyclin E-cdk2 activity. Nevertheless, detailed
studies of specific integrin effects on distinct cyclin-cdk
events have yet to be reported.

Part of the difficulty in addressing integrin function with
regard to cell cycle control rests in the fact that ECM/inte-
grin binding leads to organization of the cytoskeleton and
cell spreading. Both the initial binding event and the sub-
sequent cell spreading may contribute to anchorage-depen-
dent cell cycle control. For example, Hansen et al. (12) re-
ported that integrin binding was sufficient to induce events
characteristic of transit through early G1 phase whereas
cell cycle progression from mid-late G1 into S phase re-
quired cell spreading. This idea is supported by experi-
ments showing that the anchorage requirement for expres-
sion of cyclin D1 mRNA and phosphorylation of pRb
(mid-G1 events) requires an organized cytoskeleton (a
spread cell shape) rather than adhesion per se (3). Perhaps
any ECM/integrin interaction that organizes the cytoskel-
eton will be sufficient to mediate anchorage-dependent
cell cycle progression in mid-late G1 phase. 

It is important to emphasize that cell adhesion to ECM
is not merely permissive for overall growth factor respon-
siveness. For example, McNamee et al. (17) showed that
PDGF phosphorylates its receptor and stimulates phos-

Figure 1. Coordinated control of G1 phase cell cycle progression by growth factors and the extracellular matrix (ECM). A working
model showing the major sites of growth factor and ECM action (solid arrows) during cell cycle progression from G0 to S phase. Cyclin
E gene expression is strongly pRb/E2F dependent, but the cyclin E protein is stable and present in G1 phase cells both before and after
pRb phosphorylation. Regulatory phosphorylations and the roles of INK4s are not shown.
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pholipase C-

 

g

 

 normally in suspended cells. Moreover, mi-
togens induce c-

 

myc

 

 mRNA normally even when cells are
cultured in the absence of substratum (3, 6). Although sev-
eral signaling effects of growth factors and the ECM pres-
ently seem redundant (e.g., the induction of MAP kinase
and c-

 

fos

 

), these individual effects are not sufficient to me-
diate cell cycle progression into S phase. One of the chal-
lenges in this field is to reconcile the apparent redundancy
of growth factor and ECM-mediated signal transduction
to the fact that growth factors and the ECM have comple-
mentary and nonredundant roles in regulating the G1
phase cyclin-cdks. 

 

Concluding Comment

 

Most of the studies discussed above have been done in fi-
broblasts. The ECM also controls cell differentiation and
survival; these effects are particularly pronounced in epi-
thelial and endothelial cells and preclude using these cell
types for many of the kinds of experiments reviewed here.
There seem to be important links between cell cycle con-
trol, differentiation and survival, and it is not unreason-
able to think that these links will also be regulated by sig-
nals from the extracellular matrix.
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progression.

This work is supported by grants from the National Institutes of Health. 

Received for publication 14 August 1996 and in revised form 30 October
1996. 

 

References

 

1. Barrett, J.F., B.C. Lewis, A.T. Hoang, R.J. Alvarez, and C.V. Dang. 1995.
Cyclin A links c-myc to adhesion-independent cell proliferation. 

 

J. Biol.
Chem.

 

 270:15923–15925.
2. Benecke, B.-J., A. Ben-Ze’ev, and S. Penman. 1978. The control of mRNA

production, translation and turnover in suspended and reattached an-
chorage-dependent fibroblasts. 

 

Cell. 

 

14:931–939.
3. Böhmer, R.-M., E. Scharf, and R.K. Assoian. 1996. Cytoskeletal integrity is

required throughout the mitogen stimulation phase of the cell cycle and
mediates the anchorage-dependent expression of cyclin D1. 

 

Mol. Biol.
Cell. 

 

7:101–111.
4. Carstens, C.-P., A. Krämer, and W.E. Fahl. 1996. Adhesion-dependent

control of cyclin E/cdk2 activity and cell cycle progression in normal but
not in 

 

Ha-ras

 

 transformed NRK cells. 

 

Exp. Cell Res.

 

 In press
5. DeGregori, J., T. Kowalik, and J.R. Nevins. 1995. Cellular targets for acti-

vation by the E2F1 transcription factor include DNA synthesis- and G1/
S-regulatory genes. 

 

Mol. Cell. Biol. 

 

15:4215–4224.
6. Dhawan, J., and S.R. Farmer. 1990. Regulation of 

 

a

 

1

 

(I)

 

-

 

collagen gene ex-
pression in response to

 

 

 

cell adhesion in Swiss 3T3 fibroblasts.

 

 

 

J. Biol.
Chem.

 

 265:9015–9021.
7. Fang, F., G. Orend, N. Watanabe, T. Hunter, and E. Ruoslahti. 1996. De-

pendence of cyclin E-cdk2 kinase activity on cell anchorage.

 

 Science
(Wash. DC).

 

 271:499–502.
8. Folkman, J., and A. Moscona. 1978. Role of cell shape in growth control.

 

Nature (Lond.).

 

 273:345–349.

9. Freedman, V.H., and S.-I. Shin. 1974. Cellular tumorigenicity in nude mice:
correlation with cell growth in semi-solid medium. 

 

Cell.

 

 3:355–359.
10. Girard, F., U. Strausfeld, A. Fernandez, and N.J.C. Lamb. 1991. Cyclin A is

required for the onset of DNA replication in mammalian fibroblasts.

 

Cell.

 

 67:1169–1179.
11. Guadagno, T.M., M. Ohtsubo, J.M. Roberts, and R.K. Assoian. 1993. A

link between cyclin A expression and adhesion-dependent cell cycle pro-
gression. 

 

Science (Wash. DC).

 

 262:1572–1575.
12. Hansen, L.K., D.J. Mooney, J.P. Vacanti, and D.E. Ingber. 1994. Integrin

binding and cell spreading on extracellular matrix act at different points
in the cell cycle to promote hepatocyte growth. 

 

Mol. Biol. Cell. 

 

5:967–
975.

13. Huet, X., J. Rech, A. Plet, A. Vié, and J.M. Blanchard. 1996. Cyclin A ex-
pression is under negative transcriptional control during the cell cycle.

 

Mol. Cell. Biol.

 

 16:3789–3798.
14. Kang, J.-S., and R.S. Krauss. 1996. Ras induces anchorage-independent

growth by subverting multiple adhesion-regulated cell cycle events. 

 

Mol.
Cell. Biol

 

. 16:3370–3380.
15. Krämer, A., C.-P. Carstens, and W.E. Fahl. 1996. A novel CCAAT-binding

protein necessary for adhesion-dependent cyclin A transcription at the
G1/S boundary is sequestered by a retinoblastoma-like protein in G0. 

 

J.
Biol. Chem.

 

 271:6579–6582.
16. MacPherson, I., and L. Montagnier. 1964. Agar suspension culture for the se-

lective assay of cells transformed by polyoma virus. 

 

Virology. 

 

23:291–294.
17. McNamee, H.P., D.E. Ingber, and M.A. Schwartz. 1993. Adhesion to fi-

bronectin stimulates inositol lipid synthesis and enhances PDGF-induced
inositol lipid breakdown. 

 

J. Cell Biol. 

 

121:673–678.
18. Meredith, J., Y. Takada, M. Fornaro, L.R. Languino, and M.A. Schwartz.

1995. Inhibition of cell cycle progression by the alternatively spliced inte-
grin 

 

b

 

1c. 

 

Science (Wash. DC).

 

 269:1570–1572.
19. Pagano, M., R. Pepperkok, F. Verde, W. Ansorge, and G. Draetta. 1992.

Cyclin A is required at two points in the human cell cycle. 

 

EMBO (Eur.
Mol. Biol. Organ.) J.

 

 11:961–971.
20. Russo, A.A., P.D. Jeffrey, A.K. Patten, J. Massagué, and N.P. Pavletich.

1996. Crystal structure of the p27

 

kip1

 

 cyclin-dependent kinase inhibitor
bound to the cyclinA-cdk2 complex. 

 

Nature (Lond.).

 

 382:325–331.
21. Schulze, A., K. Zerfass, D. Spitkovsky, S. Middendorp, J. Bergès, K. Helin,

P. Jansen-Dürr, and B. Henglein. 1995. Cell cycle regulation of the cyclin
A gene promoter is mediated by a variant E2F site. 

 

Proc. Natl. Acad. Sci.
USA

 

. 92:11264–11268.
22. Schulze, A., K. Thome-Zerfass, J. Bergès, S. Middendorp, P. Jansen-Dürr,

and B. Henglein. 1996. Anchorage-dependent transcription of the cyclin
A gene. 

 

Mol. Cell. Biol.

 

 16:4632–4638.
23. Shin, S., V.H. Freedman, R. Risser, and R. Pollack. 1975. Tumorigenicity of vi-

rus-transformed cells in nude mice is correlated specifically with anchorage-
independent growth in vitro. 

 

Proc. Natl. Acad. Sci. USA. 

 

72:4435–4439.
24. Stoker, M., C. O’Neill, S. Berryman, and V. Waxman. 1968. Anchorage and

growth regulation in normal and virus-transformed cells. 

 

Int. J. Cancer. 

 

3:
683–693.

25. Symington, B.E. 1992. Fibronectin receptor modulates cyclin-dependent
kinase activity. 

 

J. Biol. Chem. 

 

267:25744–25747.
26. Weintraub, S.J., C.A. Prater, and D.C. Dean. 1992. Retinoblastoma protein

switches the E2F site from positive to negative element. 

 

Nature (Lond.).

 

358:259–261.
27. Wittelsberger, S.C., K. Kleene, and S. Penman. 1981. Progressive loss of

shape-responsive metabolic controls in cells with increasingly trans-
formed phenotype. 

 

Cell. 

 

24:859–866.
28. Xu, G., D.M. Livingston, and W. Krek. 1995. Multiple members of the E2F

transcription factor family are the products of oncogenes. 

 

Proc. Natl.
Acad. Sci. USA.

 

 92:1357–1361.
29. Zhang, H., G.J. Hannon, and D. Beach. 1994. p21-containing cyclin kinases

exist in both active and inactive states. 

 

Genes & Dev. 

 

8:1750–1758. 
30. Zhu, X., M. Ohtsubo, R.M. Böhmer, J.M. Roberts, and R.K. Assoian. 1996.

Adhesion-dependent cell cycle progression linked to the expression of
cyclin D1, activation of cyclin E-cdk2, and phosphorylation of the retino-
blastoma protein. 

 

J. Cell Biol.

 

 133:391–403.
31. Zwicker, J., F.C. Lucibello, L.A. Wolfraim, C. Gross, M. Truss, K. Enge-

land, and R. Müller. 1995. Cell cycle regulation of the cyclin A, cdc25C
and cdc2 genes is based on a common mechanism of transcriptional re-
pression. 

 

EMBO (Eur. Mol. Biol. Organ.) J. 

 

14:4514–4522.

D
ow

nloaded from
 http://jcb.rupress.org/jcb/article-pdf/136/1/1/1481220/12282.pdf by guest on 24 April 2024


