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Microwell arrays reveal cellular heterogeneity during 
the clonal expansion of transformed human cells
Tim C. Chang1, Weiliang Tang2, William Jen Hoe Koh3, Alexander J.E. Rettie1, Mary J. Emond3, 
Raymond J. Monnat, Jr.2,4 & Albert Folch1

We developed micromolded microwell arrays to study the proliferation and senescence of single cells. Microwell arrays were designed 
to be compatible with conventional cell culture protocols to simplify cell loading, cell culture, and imaging. We demonstrated the 
utility of these arrays by measuring the proliferation and senescence of isogenic cells which expressed or had been depleted of the 
human Werner syndrome protein. Our results allowed us to reveal cell-to-cell heterogeneity in proliferation in WRN+ and WRN-
depleted fi broblasts during clonal growth. 

INNOVATION
Current micro-fabricated devices for studying single cell clonal expansion 
require microfl uidic specialists to operate. Further, the enclosed micro-
fabricated chambers for cell culture have the need of medium perfusion 
resulting in the diffi  culty to compare the results with the conventional 
study. Th erefore, we developed a simple polydimethysiloxane (PDMS)-
based microwell device which is bonded onto a cell culture petri dish 
to form an array of open microwells for the ease of tracking single cells. 
Th e growth of the cells is under the conventional cell culture technique 
which can be monitored using standard imaging equipment and culture 
protocols. Our PDMS-based microwell culture platform is simpler to 
implement than other parallel culture or automated single-cell tracking 
protocols. Consequently, our microwell arrays are easy to use, inexpensive 
and can be adapted easily by research groups to rapidly track large number 
of single cells, acquire images, and analyze data. 

NARRATIVE
Cell proliferation and senescence are key determinants of the growth 
of cell populations1. Cell-to-cell heterogeneity in proliferation, growth 
potential, morphology, and response to therapy have long been noted 
in both normal and tumor cell populations2. An important challenge in 
better understanding tumor cell populations and their response to therapy 
is to improve our understanding of cellular heterogeneity. An important 
experimental approach to the analysis of cellular heterogeneity has been 
the use of single cell-derived cultures, oft en referred to as clonal cultures, 
to reveal and quantify diff erences in cellular behavior. One widely used 
version of this approach in both toxicology and cancer cell biology is to 
determine the colony-forming effi  ciency (CFE) of individual cells aft er 
treatment with a drug or therapeutic agent3. Th is assay has been further 
elaborated with the development of specialized cell culture plates to 
array and then follow the growth of large numbers of single cells over 

time. A prominent early example of this approach was the development 
of micro droplet culture plates for HLA typing of human lymphocytes 
by Terasaki and colleagues4 which were subsequently used to follow the 
proliferation of individual lymphocytes. Widely used contemporary 
examples of this approach to cell culture miniaturization and the analysis 
of single or small numbers of cells can be seen in the many assays and 
protocols adapted to be performed in 96-well plates5. Other similar cell 
culture systems based on a microfabricated array have been established 
for trapping and analyzing single cells6,7. However, the PDMS culture 
substrate with small cell-trapping wells could not be used for longer term 
clonal expansion study6,7. 

We have extended this approach by developing PDMS microwell 
arrays which have been designed to simplify the seeding of single cells 
in microwells. Unlike other microwell-based systems6–8, our microwell 
array utilizes a conventional plastic substrate for cell culture. Th e arrays 
are chemically bonded onto dry cell culture dishes before addition of any 
solutions. Th e growth and senescence of many parallel cultures initiated 
from single cells can then be monitored using conventional cell culture 
and imaging equipment and protocols. Th e cell culture substrate and 
both the ease and versatility of use of this system simplify a wide range 
of experimental protocols. Our platform should as a result be familiar 
to a large number of scientists, easy to use for a variety of purposes, and 
allow the generation of data directly comparable to the vast majority of 
prior single-cell and colony-based growth assays on cell culture surfaces.

 In order to demonstrate the ease of use of microwell arrays, we 
fabricated and used 512 well and 900 well microarrays to characterize 
the proliferation and senescence of isogenic human cells which either 
expressed or had been depleted of the Werner syndrome protein WRN. 
Th is human RECQ helicase plays important roles in DNA replication, 
recombination and genome stability assurance9. Heritable inactivating 
mutations in the WRN gene cause Werner syndrome, a cancer predis-
position syndrome with features of premature aging10. Th e loss of WRN 
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function in somatic cells leads to marked suppression of cell proliferation, 
an increase of cellular senescence and selective sensitivity to cell killing 
by several important classes of cancer chemotherapeutic agents10,11. 

Open chamber PDMS-based microwell arrays
PDMS microwells were generated using an exclusion molding protocol12. 
Th e resulting array, once released from the master and treated with oxygen 
plasma, can then be bound to cell culture grade polystyrene dishes coated 
with aminopropyltriethoxysilane (APTES)13 to create an irreversible, 
leak-proof bond between the PDMS microwell array and a polystyrene 
cell culture substrate. Th is molding and assembly process is shown for a 
900-microwell array in Fig. 1.

In order to demonstrate the reliable exclusion molding technique to 
generate open microwells, we assembled a montage of a large image array 
as shown in Fig. 2. Th e complete 512 PDMS microwell array with cell 
seeding provides the visual appeareance across the device with individual 
open microwells focused on the cell culture surface. 

Poisson distribution of cells in microwells after cell seeding 
Th e design of microwell arrays can be easily and reliably seeded with a 
desired average number of starting cells. Th e actual number of cells that 
are seeded in each individual microwell cannot be controlled, but the 
distribution (known as Poisson distribution) is very well understood 
and allows us to predict the proportion of wells seeded with diff erent 
numbers of starting cells. We then empirically determined the optimal cell 
concentration and culture medium volume needed to obtain the highest 
percentage of microwells containing single cells. For 900 well arrays (Fig. 
1e), we found that fl ooding microwell arrays in 10 cm dishes with 20 mL of 

culture medium containing 1000 cells/mL resulted in the reliable seeding 
of ~1/3 of the microwells (32%) with single cells. Th e fraction of wells 
containing 0 cells served to confi rm our predicted distribution, and was 
also useful for monitoring potential cross contamination between wells or 
from the PDMS surface (Fig. 1c). Neither type of well contamination was 
common: ≤ 3% of wells initially observed to contain 0 cells was found to 
contain 1 or more cells at the end of growth experiments of up to 7 days. 
Using the Poisson distribution to predict cell seeding in the microwells 
also allowed an easy way to determine whether proliferative behavior is 
strongly infl uenced by the starting number of cells in a microwell. As 
shown in Fig. 3, the procedure was done by identifying wells seeded 
with 0, 1, 2 or 3 cells at immediately aft er seeding, and then following 
all wells over 7 days to determine the proliferative potential of wells as a 
function of initial cell number. As a result, the probability of proliferation 
increased as more cells were seeded into microwells, but that this increase 
was not proportional.

Cell proliferation during clonal growth in microwell cultures
We performed pilot experiments to follow cell proliferation in microwell 
cultures. Th ese experiments used GM639 SV40-transformed human 
fi broblasts10,14 and a 512 well round microwell array in which we followed 
the number of cells per well over a 7 day growth period. Daily imaging 
of microwells seeded with single cells was used to systemically track cell 
number/well as a function of time. Th is approach revealed remarkable 
heterogeneity in the proliferative behavior of single cells. Four diff erent 
clonal proliferation patterns could be identifi ed: Exponential proliferation 
(38% of wells); slow or variable proliferation (30%); non-dividing viable 
cells (7%); and cells which were lost from the wells and were presumed 

Figure 1 Fabrication of 900-well PDMS microwell arrays. (a) Photolithography was used to fabricate masters for the microwell array the generated by 
PDMS exclusion molding. (b) Assembly of a PDMS microwell array to a polystyrene dish. The PDMS microwell array is surface-treated and bonded to 
a conventional 10 cm polystyrene cell culture dish. Microwell array membranes can also be bonded or conformed onto other cell culture-compatible 
pre-coated or pre-patterned substrates. (c) Cell seeding protocol. Arrays are surface-treated prior to cell seeding by UV sterilization, oxygen plasma 
treatment to generate a hydrophilic surface, and fi nally poly-D-lysine surface coating. Cell seeding is done in cell culture medium (20 mL) dispensed 
over the microwell array in culture dishes under unit gravity. After 2 hours, excess cells can then be removed prior to identifying the number of cells 
contained in each well at t0. (d–e) Example of PDMS microwell membrane prior to (d) and after (e) bonding to a conventional 10 cm polystyrene cell 
culture dish to form the completed microwell array.
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to have died (25%). Th e combined percentage of wells 
showing proliferation (68%) closely approximates the 
colony forming effi  ciency of GM639 cells as determined 
by conventional dilute plating colony forming effi  ciency 
(CFE) assay9,11,15.

We next compared the proliferative behavior of 
isogenic cultures of the same GM639 SV40- transformed 
human fi broblasts which had been depleted or mock-
depleted of the WRN RECQ helicase protein. We showed 
in previous work that cells depleted of WRN displayed 
the same defects in cell proliferation, senescence and 
DNA damage sensitivity as had been previously observed 
in primary and SV40-transformed fi broblast cultures 
derived from Werner syndrome patients9,11,15. WRN-
depleted and control (mock-depleted) GM639 SV40 
fi broblast cells were made by transducing GM639 cells 
with a lentiviral vector expressing either a shRNA that 
targeted the WRN gene and depleted the corresponding 
WRN protein9,11,15, or a scrambled shRNA with no 
known target sequence in the human genome. We had 
shown in previous experiments that changes in cellular 
phenotype observed in WRN-depleted cells refl ected 
WRN depletion, as opposed to shRNA-specifi c off -target 
eff ects, lentiviral infection or engagement of the RNAi 
machinery11,16. 

Figure 4 shows individual well and mean growth 
curves for 139 WRN+ (control/mock-depleted) and 
130 WRN-depleted single GM639 cells (189 WRN+ 
and 195 WRN– single cells from the original seeding) 
grown in wells in a 512 microwell array. Th e extent of 
WRN protein depletion in this experiment was 94%, 
as verifi ed by Western blot analysis prior to the start 
of the experiment. Previous work has shown that this 
level of depletion has reliably revealed WRN-dependent 
defects in GM639 cells11,15. Growth curves were plotted 
for wells seeded with 1 WRN+ or WRN-depleted cell/
well that had at least 1 cell on day 3 in order to reveal 
WRN-dependent diff erences in the proliferative behavior 
of otherwise isogenic starting cells. Th is experiment 
revealed a remarkably wide range of growth trajectories 
for individual cells which was not apparent from the 
mean growth curves. 

Measuring cell viability and senescence in microwell clonal 
growth
Cell proliferation is only one of the variables determining the rate of 
growth of cell populations over time. Other important determinants of 
total cell number during clonal growth are cell viability and senescence. 
We were able to identify both cell viability and cellular senescence in 
microwell array cultures by taking advantage of sequential imaging data 
and cell staining at the end of a growth period. 

GM639 cells that die during clonal growth develop a rounded 
morphology and detach from the microwell, and are easy to identify 
by a combination of phase contrast imaging and live-dead staining 
(LIVE/DEAD cell viability assay, Invitrogen, Carlsbad, CA). In this 
assay dead cells that lose plasma membrane integrity are stained with 
red-fl uorescent ethidium homodimer-1, whereas live cells are stained 
with green-fl uorescent calcein-AM. Th is combination of staining and 
imaging allowed us to identify both viable and dead cells in microwell 
cultures (Fig. 5). 

Senescent cells also fail to proliferate, but remain viable and metaboli-
cally active despite the absence of cell division1. Potentially senescent 
fi broblast cells are easy to identify on the basis of their distinctive so-called 
‘fried-egg’ morphology alone as shown in Fig. 6, and can be further 

Figure 2 A montage of 512 microwell image array. The images were taken 2 hours after 
cell seeding.

Figure 3 Probability of cell proliferation as a function of starting number 
of cells/well and WRN protein expression. The proliferative potential 
in wells seeded with 1, 2 or 3 cells increases, as does the probability of 
the cell proliferation as a function of starting cell number. 
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confirmed by staining for senescence-associated beta-galactosidas e 
(SA-βgal) activity14. Identifying both dead and senescent cells can be 
addressed by LIVE/DEAD assay staining followed by fi xation with 4% 
para-formaldehyde prior to SA-βgal staining (Fig. 6).

DISCUSSION 
We developed a microwell array that could be used with existing cell 
culture, imaging equipment, and protocols to quantify cell behavior 

across hundreds of individual cells during clonal expansion in culture. Th e 
physical separation created from microwells prevents clonal populations 
from overlapping during a long growth period. Microwell arrays can be 
fabricated in a wide range of formats, and up to 3000 microwells can be 
easily handled in a single 10 cm culture dish. Th ese microwell arrays 
can be modifi ed easily to generate diff erent well geometries, and can be 
bonded or conformed on pre-coated or nano-patternned substrates to 
allow the growth and analysis of many diff erent cell populations of high 

Figure 4 Proliferation of single human cells in microwell arrays. (a,b) Number of cells/well in wells seeded with single WRN+ or WRN-depleted cells after 
a 7 day growth period shown as a bar graph (a) or growth curve (b). Wells were traced every 24 hours by acquiring focused images, and the cell number in 
each well counted. Black curves in (b) represent the mean increase in cell number over time across all single cell wells. The red curves depict the prolifera-
tive behavior of the wells shown in (c). (c) Phase contrast images of the proliferation of a single cell in a round 500 μm diameter, 400 μm high microwell 
over 7 days. These wells were chosen because their proliferative behavior (red curves in b) follows most closely the average behavior (black curves in b). 
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biological or medical interest, e.g., ES or iPS cells, and their lineage-
specifi c, diff erentiated progeny. 

Our use of a cell seeding strategy that takes advantage of Poisson 
statistics provides a very simple and highly reproducible way to seed a 
predefi ned fraction of wells with single (or other defi ned numbers of) 
cells, while minimizing cell manipulation and the potential for damage. 
Th e maximum percentage of seeded wells is defi ned by Poisson statistics 
on any given seeding, thus it is limited and not possible to improve the 
number of wells seeded with single cells using a single random seeding. 

However, due to the simplicity of 
operation of our microwell platform 
larger numbers of wells seeded 
with any predefined cell number 
can be set up rapidly when desired 
by simply adding more plates. A 
number of cell trap approaches18 or 
robotics-enabled well seeding would 
also bypass the Poisson limitation, at 
the cost of further device develop-
ment or expense in equipment.

We chose a daily (24 hours) 
imaging interval in our experi-
ments, as this represents a common 
division time for many human cells 
in culture19. Depending on the pur-
pose of the experiments, imaging on 
shorter or longer timelines can be 
readily achieved using our PDMS 
microwell arrays. More data points 
collected from single cells within 
the fi rst 24 hours will allow us to 
study cell division with minimum 
influence from cells condition-
ing the medium or from cell-cell 
contact. In our current setting, the 
experiment can be performed at 
very short time intervals (minutes 
to ≥1 hour) by using an on-stage 
incubator to ensure consistent 
culture conditions. Imaging on 
longer timelines may be important 
for very slowly dividing cells, or 
where cell diff erentiation in con-
junction with proliferation is to be 
analyzed (e.g., in the proliferation 
and diff erentiation of neural pre-
cursor cells derived from ES or iPS 
cells). Our microwell array does 
not incorporate fl uidic inlets so it 
cannot presently be used for drug 
screening; it only identifi es culture 
conditions that either facilitate or 
inhibit single-cell clonal expansion. 
A better choice for the screening of 
large numbers of compounds would 
be a conventional high throughput, 
robotics-enabled drug/small mol-
ecule/RNAi screening platform 
which is optimized for throughput. 

In addition to the demonstra-
tion of our microwell platform, we 
used common statistical methods 
to compare the contribution of cell 
proliferation and senescence of cell 

population growth in microwell cultures. We applied our existing data 
(n = 1) of isogenic WRN+ and WRN-depleted GM639 fi broblasts to dem-
onstrate the statistical anaylsis for future studies. Th e detailed analysis is 
described in supplementary material including Supplementary Fig. 1–4. 
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SUPPLEMENTARY MATERIAL AND METHODS

Microwell array fabrication
Masters for casting 512 and 900 microwell cell arrays were generated by 
using standard photolithography to pattern SU-8 (Microchem, Newton, 
MA) microposts on a silicon wafer. Each microwell has dimensions of 

500 μm (square edge or round well diameter) with a wall height of 400 
μm and edge-to-edge well spacing of 500 μm. Microwell arrays are cast 
on SU8 masters by pouring uncured PDMS over the master followed by 
exclusion molding12. Th e SU-8 master mold was placed on a 3” diameter, 
0.6” thick steel disk. Uncured PDMS (1:10 crosslinker:prepolymer) 
was mixed, degassed, and then poured onto the master. A sheet of 
polyester fi lm (3M, St. Paul, MN) was treated with oxygen plasma and 
placed onto the uncured PDMS. Air bubbles trapped within the SU-8 
features and uncured PDMS to be scraped off using a razor blade. 
Four additional sheets of polyester fi lm and two 75 mm × 50 mm × 1 
mm glass slices were stacked on top of the mold to add compliance to 
the stack. Finally, a steel disk was placed on top and the assembly was 
compressed using a no-twist C-clamp (#5046A18, McMaster-Carr, 
Santa Fe Springs, CA) prior to baking at 70 ºC for at least 2 hours in a 
convection oven. Exclusion molding allows open wells to be made in 
PDMS, while the polyester fi lm allows physical handling and transfer 
of the resulting PDMS membrane while retaining the molded features 
with high resolution. Aft er disassembly, the PDMS replica was peeled 
off  along with the sheet of polyester fi lm. PDMS microwell arrays are 
bonded to polystyrene cell culture dish by fi rst treating the culture dish 
with oxygen plasma, followed by treatment with 1% APTES solution 
for 20 minutes followed by a distilled water rinse and drying with an air 
gun. Th e PDMS microwell array is UV-sterilized and oxygen plasma-
treated before being bonded to the silane-modified culture dish at 
room temperature. Aft er bonding, the pre-formed open microwells are 
revealed by peeling the release liner from the PDMS surface. Microwell 
arrays were then UV-sterilized and oxygen plasma-treated to ensure 
that APTES is etched off  the polystyrene growth surface, and to render 
the surface. Th e arrays are then coated with 20 mM poly-D-lysine for 
2 hours followed by three washes with PBS.

Cell culture
GM639 SV40-transformed human fi broblast cells were obtained from 
the National Institute of General Medical Sciences (NIGMS) Human 
Genetic Mutant Cell Repository (Camden, NJ) and cultured in Dulbecco’s 
modifi ed Eagle’s medium supplemented with 10% (v/v) fetal bovine 
serum (Hyclone Laboratories, Logan, Utah), penicillin (100 units/mL), 
and streptomycin (100 μg/mL) in a humidifi ed 5% CO2 incubator at 
37 °C. Th e WRN protein in GM639 human fi broblasts was depleted 
by transducing cells with a WRN-specifi c shRNA-expressing lentivirus 
at multiplicity of infection (MOI) of 10 for 24 hours, followed by an 
additional 72 hours of selection for transduced cells with puromycin 
(1 μg/mL)11. Th e extent of depletion of the WRN target protein was 
quantifi ed by Western blot analysis followed by densitometry using Kodak 
Molecular Imaging soft ware. We chose an MOI = 10 and 90–95% WRN 
depletion based on prior data11,15 to reveal WRN-dependent cellular 
phenotypes without severely compromising cell proliferation. During the 
clonal expansion experiment, culture media was changed once on day 4 
of a 7 day growth period. 

Microwell cell seeding
When cells are seeded randomly onto the device, the number of cells 
per well (N) can be described as a discrete random variable following 
Poisson distribution (given below) with parameter λ, which is equal to 
the expected value of the variable N. 

( ) ( ); .
!

keP N k f k
k

λλ
λ

−
= = =

Th e probability mass function for N = 1, which is maximized at 
λ = k = 1, is equal to 0.3679 (36.79%). Hence, our calculations, together 
with pilot experiments, indicate that seeding 512 or 900 well arrays in 
10 cm round polystyrene cell culture dishes using 20 mL of culture 
medium containing 1000 cells/mL would maximize the frequency 
of wells seeded with single cells (which was approximately 37%). We 
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did not typically attempt to wash off  cells that were adhered to the 
microwell array but had not landed in a well. We took care to minimize 
shaking when replacing medium once every 2 days during the 7 day 
growth period, and when transferring microwell array dishes from 
incubators to imaging stages. We used the fraction of wells that were 
seeded with no cells, but acquired 1 or more cells over an experiment, 
to demonstrate that the potential for well cross contamination from 
other wells, from the microwell array surface or culture media was low 
across all experiments (≤ 3%). 

Imaging and cell counting
A Nikon inverted microscope with Perfect FocusTM system (Melville, 
NY), a motorized x-y control and imaging soft ware were used to automate 
the imaging of clonal expansion of single cells in microwell arrays. Ar-
rays were imaged every 24 hours over 7 days, where each imaging cycle 
involved ≤ 20 minutes (~1 second per well) on the imaging stage. Th is 
short observation period minimized changes in temperature and in cell 
culture medium pH. Images from each well were individually reviewed 
to count cells over each experiment.

Depletion of the WRN protein alters cell proliferation and 
senescence during clonal growth
In order to measure cell proliferation in 512 well microwell arrays and 
compare the result with prior data from conventional cell culture proto-
cols, we determined the fraction of wells that reached ≥ 50 cells over a 
7 day growth period. Th is number of cells (−50) is the largest number 
that can be reliably counted in microwells. Th ese experiments showed 
that the average proliferative rate of WRN-depleted cells was 40% lower 
than the rate of isogenic WRN+ control cells. When we looked at fi nal cell 
numbers in wells which proliferated to any extent, we found that 17.5% 
of single control cells but only 4% of WRN-depleted cells were able to 
proliferate over 7 days to generate ≥ 50 cells (Supplementary Fig. 1). 
Moreover, the average cell number per well was signifi cantly higher in 
control than in WRN-depleted cells. 

WRN depletion also infl uenced the fraction of GM639 cells which 
died or became senescent during clonal growth in microwell cultures. 
We were able to quantify both the number of wells containing senescent 
cells and the number of senescent cells per well, as described above, by 
a combination of cell counting and staining. Th ese experiments were 
performed in 900 well arrays using isogenic pairs of GM639 fi broblasts in 

which the WRN shRNA-depleted cells were 90% depleted of WRN (Sup-
plementary Fig. 2). Wells containing WRN-depleted cells had a 2.7-fold 
higher likelihood of containing 1 or more senescent cell (17.4%), when 
compared with control/mock-depleted cells (6.5%). Th e total number of 
senescent cells in WRN-depleted cell wells was nearly 7-fold higher than 
control cell wells (Supplementary Fig. 2b). 

Modeling reveals cell proliferation and senescence in microwell 
cultures
We developed a standard exponential growth model of the same general 
type as was recently reported by Tyson et al.20, with the important dif-
ferences that our model uses senescence in place of quiescence, and 
does not allow cells to return from senescence to the reproductive 
state. We employed this standard exponential model for population 
growth which is derived by assuming that growth is proportional to the 
population at time t and that the growth rate, r, equals birth rate (r1) 
minus senescence rate (r2) minus death rate (r3). Th e resulting model 
for the population in a well at time t is then P(t) = P0 exp(rt) where P0 
is the population on Day 0, which translates to the log-linear model 
ln(P) = ln(P0) + rt. Th e growth rate for each well is estimated using least 
squares linear regression to obtain r directly from the slope estimate. 
Th e distribution of these r’s was estimated using the density function in 
“R Project” (a publicly-free, statistical soft ware, www.rproject.org). In 
order to estimate the senescence rate r2, note that if Ps is the number 
of accumulated senescent cells at time t, then the solution to the fi rst 
order diff erential equation dPs = r2 × P(t)dt is Ps(t) = r2/r P(t), from 
which it follows that r2/r = Ps(t)/P(t) for all t. Hence, r2/r was estimated 
as the mean number of senescent cells per well divided by (total number 
of cells − number of senescent cells), the divisor being the estimate of 
the number of dividing cells. Note that this estimator assumes that all 
cells moving to the senescent state are countable on Day 7. In actuality, 
some senescent cells may be lost by Day 7. Because r2/r is independent 
of t, it may be advisable to count senescent cells at earlier time points 
in future experiments, bearing in mind the trade-off  between accuracy 
from a larger sample size per well and the loss of senescent cells. We 
estimate r + r2 = r1 − r3 by (r2/r + 1) × r. A similar argument shows 
that the ratio of non-dividing single-cell wells to dividing single-cell 
wells on Day 0 estimates r2 + r3. We then can estimate both the birth 
rate r1 = r − (r2 + r3) and the death rate r3 = r1 − (r1 − r3) to deconvolve 
r into its three components. 

From our cell proliferation data, 
we were able to estimate the overall 
growth rate r for each well, using data 
from all wells (Supplementary Fig. 
3) or only those wells with 1 cells on 
Day 0 (Supplementary Fig. 3b). Th e 
results show a diff erence in growth 
rate between the WRN+ and WRN-
depleted cells, with a strong peak at 
r = 0 indicating no proliferation. Th e 
fraction of cells displaying no growth 
are typically never identified in 
population-based cell proliferation 
assays, but as these results demon-
strate can be readily identifi ed and 
quantifi ed in microwell cultures as 
two starting populations with or 
without growth potential. Th e peak 
at r = 0 is higher when only wells with 
a single cell are included, since wells 
with multiple cells on Day 0 have a 
greater chance that at least one cell 
will proliferate (see Supplementary 
Fig. 2 earlier). This analysis also 

Supplementary Figure 1 Proliferative behavior of WRN+ and WRN-depleted cells as assessed by maximum 
and mean cell counts. (a) Percentage of microwells seeded with single cells that reached a fi nal cell number 
of ≥ 50 cells after 7 days as a function of genotype. (b) Average cell number of wells seeded with single cells 
after 7 days growth as a function of genotype. (c) Western blot verifi cation of the extent of depletion of WRN 
protein in cells used for this experiment. Densitometry analysis revealed that lentiviral shRNA expression had 
depleted 94% of the 162 kDa WRN protein in this experiment. Panels were generated from data derived from 
189 wells in control (WRN+) data and 195 wells in WRN-depleted data in 512 microwell assays.
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clearly shows that a greater proportion of WRN-depleted cells never 
divide (26.3%) compared to control cells (17.2%), and that the median r 
among WRN-depleted cells that do divide is smaller than that for control 
cells (~0.32 vs. 0.41). Th ese results thus identify two diff erent sources of 
lowered proliferation among WRN-depleted cells: a lower birth/division 
rate for cells which do divide, and an initially higher fraction of dead 
cells or senescent cells which never contribute to cell population growth.

We were able to deconvolute the growth rate r into its components us-
ing data from experiments in which we identifi ed and counted  senescent 

cells. Th e ratio of the number of senescent cells (r2) to the number of 
living cells (r) is r2/r. By assuming that r2 from the second experiment 
(Supplementary Fig. 2, in a 900 well microarray) also applies to the 
fi rst experiment where cell proliferation data were generated in a 512 
well array as shown in Fig. 3, we can estimate the exponential growth 
rates which would have been observed in the absence of senescence. Th is 
allows us to compare the contribution of senescence for each cell type to 
the diff erence in observed growth rates for each cell type. More specifi -
cally, (r2/r + 1) × r = r + r2 = r1 − r3 (r1: birth rate, r2: senescence rate, r3: 

death rate) by removing the 
senescence rate from the 
overall exponential growth 
rate parameter. For WRN-
depleted cells the ratio of 
senescent to viable cells r2/r 
was estimated to be 0.015, 
while for WRN+ cells r2/r 
was 0.114, which is more 
than 7-fold greater than 
for WRN-depleted cells. 
 Similarly, we can estimate 
(r2 + r3)/r by the ratio of 
the number of wells with 
one cell that never divides 
to the number of wells with 
one cell on Day 0 that do 
divide. Th en r1, the birth (di-
vision) rate is then given by 
((r2 + r3)/r +1) × r. Sup-
plementary Fig. 4 shows 
the results to deconvolute 
r, the growth rate, to reveal 
the individual contributions 
of reduced proliferation and 
increased senescence to the 

Supplementary Figure 2 WRN depletion increases both the fraction of wells and total number of senescent cells in 
isogenic cell populations. (a) Percentage of wells containing 1 or more senescent cell in WRN+/control and isogenic 
WRN-depleted microwell cultures. (b) Total number of senescent cells in WRN+ and WRN-depleted cell wells after 7 
days in microwell culture. (c) Western blot verifi cation of the extent of depletion of WRN protein in cells used for this 
experiment. Densitometry analysis revealed that lentiviral shRNA expression had depleted 90% of the 162 kDa WRN 
protein from cells used in this experiment. Control (WRN+) data were derived from 319 wells, and WRN-depleted 
data from 340 wells, each seeded with a single cell per well in 900 microwell arrays. 

Supplementary Figure 3 Distribution of estimated overall exponential 
growth rate ‘r’ for microwell cultures. Estimation was performed using 
data from all wells (a), or from only those wells that contained 1 cell 
on Day 0 (b). WRN-depleted cells show a higher proportion of cells 
which never divide, as well as a lower median growth rate among those 
which are able to divide.

Supplementary Figure 4 Deconvolution of microwell data to reveal 
determinants of the exponential proliferation rate. The exponential 
proliferation rate r is = r1 − r2 − r3 (birth rate − senescence rate − death 
rate). The exponential rate parameters for birth, r1, are given by the 
overall height of the three segments. The estimated values of r1, r2 and r3 
for WRN+ cultures are 0.390, 0.004 and 0.122, and for WRN-depleted 
cultures 0.300, 0.034 and 0.110. Note that the overall height of the bars 
is the overall birth rate r1 = r + r2 + r3.
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overall lower birth rate of WRN-depleted cells versus isogenic controls 
(0.390 vs 0.300 for WRN+ and WRN-depleted cells, respectively). Cell 
death rates, in contrast, are comparable in the two cell populations. Th is 
analysis reveals how microwell data together with modeling can be used 
to reveal and quantify the diff erential contributions of cell proliferation, 
senescence and death to cell population gorwth over time, and thus 

identify changes in key determinants of population growth that may not 
be apparent from simple cell counts such as those shown in Fig. 3. All 
analyses were done using R. Th ese analyses derive useful and appropriate 
equations, and provide proof-of-principle to help guide future experi-
ments and the modeling of results.
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