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ABSTRACT Somatic cell reprogramming to pluripotency requires an immediate increase in cell proliferation and reduction
in cell size. It is unknown whether proliferation and biomass controls are similarly coordinated with early events during the
differentiation of pluripotent stem cells (PSCs). This impasse exists because PSCs grow in tight clusters or colonies, precluding
most quantifying approaches. Here, we investigate live cell interferometry as an approach to quantify the biomass and growth of
HSF1 human PSC colonies before and during retinoic acid-induced differentiation. We also provide an approach for measuring
the rate and coordination of intracolony mass redistribution in HSF1 clusters using live cell interferometry images. We show
that HSF1 cells grow at a consistent, exponential rate regardless of colony size and display coordinated intracolony movement
that ceases with the onset of differentiation. By contrast, growth and proliferation rates show a decrease of only ~15% decrease
during early differentiation despite global changes in gene expression and previously reported changes in energy metabolism.
Overall, these results suggest that cell biomass and proliferation are regulated independent of pluripotency during early differ-
entiation, which is distinct from what occurs with successful reprogramming.
INTRODUCTION
Human pluripotent stem cells (hPSCs) generate all embry-
onic cell types and can be grown for prolonged periods
in culture, with their pluripotency/self-renewal program
controlled by chromatin structure and a core transcription
factor network (1). hPSCs are also small, replicate rapidly,
and grow in tight colonies. It remains unknown whether
the size and growth rate of hPSCs are regulated by the pro-
gram that regulates pluripotency/self-renewal, a question
that has important implications for our understanding of
the relationship between growth rate controls and early dif-
ferentiation. Interestingly, key features of hPSCs can be
reestablished in somatic cells by reprogramming factors
(2) and recent, single-cell imaging studies have shown that
fibroblasts reprogrammed to hPSCs undergo an increase
in proliferation and reduction in area/size within the first
cell division (3). This work identified replicative and size
barriers that must be rapidly overcome for successful
reprogramming. Reprogramming to, and differentiating
from, pluripotency are overtly similar but opposite pro-
cesses (4), and it is unclear whether analogous barriers or
checkpoints also exist early during hPSC differentiation.
Unfortunately, the growth of hPSCs in tight, multicellular
clumps has blocked direct, in situ measurements of cell
growth, size, and other fundamental properties, such as
intracolony motion during early hPSC differentiation. It
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therefore remains uncertain whether hPSCs undergo a
decrease in proliferation and increase in size with induced
differentiation, or if changes in cell proliferation and size
(biomass) are coordinated with early hPSC differentiation
programs (5).

To date, hPSC size measurements have been imprecise
and used to document extreme changes in cross-sectional
area by microscopy (3). hPSC growth is typically measured
as time to division and not as changes in cell biomass, which
is the most direct measure of net cellular growth but requires
detection at <5% mass change per hour. Existing optical
approaches have also revealed that individual PSC colonies
are highly motile, a property that may skew clonogenic
counting assays through colony merging (6). Coordinated
cell movement within hPSC colonies could provide a basis
for colony migration and merging, although this too remains
unknown for hPSCs grown in culture (6–8).

In general, cell size has been inferred from the radius
or projected area for cells with fixed geometries, such as
bacteria, yeasts, and spherical lymphocytes. However,
most animal cells, or cells that grow in colonies, have irreg-
ular and often changing shapes, resulting in poor estimates
of cell biomass based on measurements of projected area
(see Fig. S1 in the Supporting Material). Additionally,
changes in cell volume or area may result from changes in
solute concentrations or flattening against a substrate rather
than from changes in biomass. Flow cytometry measures
material density gradients and aqueous content to estimate
cell size, but cannot quantify the continuous growth of
hPSC colonies (9). More promising are micro-electrome-
chanical system microresonators, which can accurately
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measure the mass of single cells instantaneously and over
time (10,11). However, for sufficient sensitivity a resonator
must be microns or smaller, making continuous mea-
surements of motile, growing hPSC colonies practically
impossible.

To provide an approach for addressing fundamental
questions regarding mass and growth control in hPSCs
and during early differentiation, we evaluated live cell
interferometry (LCI) as a method for quantifying mass
distributions within HSF1 hPSC colonies over time. LCI
takes advantage of the fact that as light passes through a
transparent object, such as a cell, it slows down due to
the interaction of light with matter (12,13). This retarda-
tion of light from the interaction with cellular biomass
causes a phase shift relative to unperturbed light, which
is measured using a Michelson interferometer (13).
Assuming a cellular average for the relationship between
density and changes in refractive index, the measured
phase shift at each location inside of the cell is directly
proportional to the amount of biomass at that location,
resulting in a map of the distribution of mass for all
nonaqueous components (dry mass) (12–15). In this study,
we assume that the conversion factor between phase shift
and mass, the inverse of the specific refractive index, is
5.56 pg/mm3, although we note that this parameter only
varies by ~510% among the typical contents of a cell
(12,13). Assuming the average contents of the cell/colony
remain fairly constant over the measurement period, the
specific value of this parameter will drop out of any mea-
surements based on relative mass comparisons, such as the
specific growth rate. Recent applications of quantitative
phase microscopy using other imaging platforms include
measurements of cell growth (14), cell death (16), mem-
brane mechanics (17), individual organelles (18), and
preliminary imaging of mouse PSCs (19). Prior work
with LCI establishes it as a method for repeatable (<2%
coefficient of variation) quantification of mass, mass accu-
mulation rate, and mass distributions for large populations
of cells on a single cell basis (13,20), but not for cells con-
strained within hPSC colonies.
MATERIALS AND METHODS

Cell line and growth media

HSF1 human embryonic stem cells (hESCs; 46XY; UC-0001) were grown

on feeder-free Matrigel (BD Biosciences, San Jose, CA) in defined cell cul-

ture media (StemPro SFM; Invitrogen, Carlsbad, CA) with daily media

changes, as described previously in Zhang et al. (21,22). Differentiation

with retinoic acid (RA) was induced by replacing bFGF with 10-mM RA

(Acros Organics, Fair Lawn, NJ).
Cell counting

Cell counting was performed using a Neubauer hemocytometer after

Trypan-blue staining (Invitrogen).
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Embryoid body formation assay

Embryoid body (EB) formation was performed as described previously

in Zhang et al. (21). Briefly, hESCs were trypsinized to single cells and

106 cells were placed in one well of a AggreWell 400 plate (Stemcell

Technologies, Vancouver, BC, Canada) according to the manufacturer’s

instructions. The next day, EBs were harvested and grown in Iscove’s

Modified Dulbecco’s medium supplemented with 20% fetal bovine serum

for 10 days in a Corning (E. I. DuPont de Nemours, Wilmington, DC)

CoStar ultra-low attachment six-well plate (Sigma-Aldrich, St. Louis,

MO). Media was exchanged every 2–3 days. An inverted light microscope

was used to assess and count EBs.
Gene expression profiling

Total RNA was extracted from control or RA-exposed hESCs using

Trizol reagent (Invitrogen) according to the manufacturer’s instruc-

tions. cDNA was synthesized from total RNA using a Superscript III

first-strand cDNA synthesis kit (Invitrogen). Real-time PCR was

performed with a SYBR Green PCR kit (Diagenode, Denville, NJ)

with denaturation at 94�C for 15 s, annealing at 60�C for 30 s, and exten-

sion at 72�C for 45 s over 40 cycles. Primer sequences are available upon

request.
Cell cycle analysis

Cells were harvested by trypsinization and stained for DNA content with

propidium iodide (Sigma-Aldrich). Single-color flow cytometry was

performed on an Accuri C6 flow cytometer (BD Biosciences) and data

collected for 30,000–150,000 events. Cell cycle analysis was performed

in FlowJo (Tree Star, Ashland, OR) using a Dean-Jett-Fox model fit to

the propidium iodide fluorescence intensity histogram.
Live cell interferometry

Live cell interferometry (LCI) imaging was performed on a Contour

GT-X8 optical profiler with a through transmissive media attachment

(Bruker, Tuscon, AZ). Cell viability was maintained using a custom

live cell flow chamber (13,20). A quantity of 20 � 20-mm square silicon

substrates were treated with SigmaCote (Sigma-Aldrich) and 1 M

NaOH before coating with Matrigel (BD Biosciences) to obtain a surface

suitable for hPSC growth (23). HSF1 cells plated as small colonies onto

treated silicon were imaged one, five, or seven days after plating

(zero, four, or six days after the start of RA exposure). Cells were viable

with no visible defects in morphology after >12 h on the interferometer

stage under constant illumination. Most colonies were imaged for 2 h

at 11� effective magnification. Because of the difficulty in finding

colonies which were large, but that did not extend outside of the micro-

scope observation area, most colony growth-rate measurements focus on

colonies that spanned at most one or two individual microscope fields

of view. A subset of experiments were performed using a large grid of

12 � 15 images with 50-mm overlap between edges for stitching (as

seen later in Fig. 2 A). To obtain unaliased estimates of the rate of

mass motion, representative smaller colonies were measured at 20�
magnification with 30 s between images (seen later in Fig. 6, A–F, and

see also Fig. S7, A–F).
Statistical analysis

Statistical analysis was performed using a two-tailed Student t-test with un-

equal variances and sample sizes (Welch t-test). Error bars are reported as

5 standard error (SE).
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Image analysis

All image processing was performed using custom MATLAB (The Math-

Works, Natick, MA) scripts, as described below.
Phase unwrapping

Phase errors, integer wavelength errors caused by a one-wavelength ambi-

guity inherent in quantitative phase imaging (24), were corrected using a

random walk-based algorithm that removes integer wavelength jumps

and excursions below the background level.
Image stitching

Images were stitched together using an optimization algorithm imple-

mented in the software MATLAB (The MathWorks) that adjusts the offset

and planar tilt of each frame to minimize the sum of the differences between

the overlapping regions of each adjacent image.
Total colony mass, mass accumulation rate, and
area

Colonies were located by local adaptive thresholding based on Otsu’s

method (25), and then the mass distributions within these pixels were

summed to obtain colony total mass. The slope of a least-squares best-fit

line to total mass versus time is the colony mass accumulation rate. Errors

in this value are estimated as the standard deviation (SD) of the mean slope

(26). Colonies with errors exceeding the estimated growth rate were

excluded from the reported average growth rates. Average growth rates

including these estimated error rates were determined using a Monte Carlo

routine with 10,000 samples, implemented in MATLAB and run twice with

different pseudo-random number seeds and compared to check conver-

gence. For each sample in the Monte Carlo simulation, the empirical cumu-

lative density function of the log-transformed specific growth rate data was

fit to a Gaussian cumulative density function to estimate the population

mean and SD (see Fig. S3 A). The average and SD of these estimated values

over all trials is the reported mean growth rate. Additional results from this

analysis are presented in the Supporting Material (see Fig. S3 B). Colony

area is estimated based on the area of the region determined by Otsu

thresholding.
Growth rate versus mass curve fitting

Growth rate versus mass data were fit in MATLAB using the Curve

Fit toolbox with a nonlinear least-squares fit and an unconstrained trust

region algorithm, weighted by the square of the SE of the growth rate

measurements. Confidence intervals on the power-law scaling exponent

are based on the Student t-test at a significance level (two-tailed) of

p ¼ 0.05.
P
�
Dx

� ¼ ðsum of all pixels within Dx5 0:5 mm that agree with the sign of mass increaseÞ
ðtotal number of pixels within Dx5 0:5 mmÞ ;
Local mass accumulation rate

To measure mass accumulation rate distributions within individual col-

onies, as seen later in Fig. 3, we first remove translational motion by align-

ing successive colony images based on cross-correlations between frames.
We then use Otsu’s method (25) on the location-shifted, time-averaged

image to find pixel locations of highest average intensity. This yields a mea-

sure of mass versus time m(x,y,t) at each pixel location, x,y. We perform a

least-squares fit on the m(t) measurement at each pixel within the colony

and estimate the local mass accumulation rate as the slope of this best fit

line. Finally, we use a Gaussian low-pass filter with a spatial SD of

10 mm to smooth out high spatial frequency variations while maintaining

adequate colony-scale resolution.
Decorrelation timescale

To find the decorrelation timescale, we first estimate the autocorrelation,

CXX (27), at every time shift, Dt, by applying a sliding window of width

w discrete time steps,

CXXðx; y; t0; tÞz
Xw

i¼ 1

mðx; y; t0 þ i ,DtÞ

,mðx; y; t0 þ t þ i ,DtÞ;
where we use w ¼ 20 (10 min at Dt ¼ 30 s per image) to get adequate res-

olution of the typical timescales with minimized computational cost. We
then average this function CXX across all pixel locations x,y, all starting

times t0, and all time shifts, t, to get an overall averaged autocorrelation

CXX(t) (see Fig. S8 C). Finally, we apply a linear least-squares fit to this

function, CXX(t), and find the slope of this best fit line. This slope is an

estimate of the decorrelation rate, or how quickly the mass distribution

within the colony is changing over time.
Average cell mass

The mass of individual cells within colonies was measured with LCI, then,

while on the microscope stage, colonies were fixed with paraformaldehyde

(Sigma), permeabilized in a solution of Triton-X (Sigma), and stained with

a fluorescent nuclear stain (YOYO-1; Invitrogen). Cell number was deter-

mined by manually counting the number of cells within each colony after

processing with a custom MATLAB script (see Fig. S5). The average

mass per cell was computed as the total colony mass divided by the number

of cells.
Coordination distance

For each stack of colony images, we first identify the colony using Otsu

thresholding (25) on a composite mean image of all frames. Then, for

each pixel within the colony, we compare the local rate of mass increase

at each location to the average colony growth rate, to generate a binary

image in which each pixel indicates the sign of mass accumulation relative

to the mean colony mass accumulation rate as either positive (seen later as

green in Fig. 6, A andD) or negative (seen later as red in Fig. 6, A andD). At

each pixel in this binary image, we estimate P(Dx) as
where Dx is the Euclidian displacement of each pixel from the current pixel.

Finally, we average the P(Dx) profile estimates from each pixel within each

colony in the sample to get the final, empirical P(Dx) profile (such that,

for example, P(Dx) for day 0 control represents the average over 7 � 106

pixel-wise estimates of P(Dx)). Here, we approximate P(Dx) as an
Biophysical Journal 105(3) 593–601
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exponential decay and define the coordination distance as the exponential

decay constant.
FIGURE 2 LCI quantifies hPSC colony mass accumulation rates for

undifferentiated HSF1 cell clusters spanning five orders of magnitude in

mass. (A) Stitched LCI image of HSF1 colonies after seven days in culture

showing mass measurements spanning a dynamic range of six orders of

magnitude. The largest visible colony has a total mass of 13.5 mg, whereas
RESULTS

We quantified the biomass of a total of 728 HSF1 colonies at
one-, five-, and seven-day timepoints using LCI (Fig. 1 and
see Fig. S1). LCI provides precise and reproducible biomass
measurements for both small and large hPSC colonies over a
range of six orders of magnitude, from subcellular frag-
ments of ~10 pg to the largest colonies spanning multiple
image frames with masses up to ~10 mg (Fig. 2 A). The
mass of individual colonies was tracked over a period of
2 h at selected timepoints from the first several days in
culture, enabling studies of hPSCs and the earliest stages
of differentiation (Fig. 2, B and C). LCI quantifies hPSC
growth rates within 2 h, which is significantly faster
than conventional cell proliferation rate measurements
(2–6 days). These measurements are robust to changes in
colony morphology and mass distribution observed with
LCI (see Fig. S6 and Fig. S8 D).

LCI data show a consistent, exponential rate of hPSC
colony mass accumulation under standard self-renewing
growth conditions regardless of starting colony mass
(Fig. 3 A and see Fig. S2). This result was confirmed by a
moderate relationship between colony mass and mass accu-
mulation rate (R2 ¼ 0.87) and a linear power law depen-
dence (power law scaling exponent ¼ 1.05 5 0.025 at
95% confidence). For large colonies, this relationship is
expected independent of the mass trend for individual cells
(e.g., linear or exponential increase of mass with time),
provided that the mass accumulation rate of each cell is
not affected by colony size (see Analysis in the Supporting
FIGURE 1 LCI quantifies HSF1 hPSC colony mass. (A) Simplified sche-

matic of the live cell interferometer (LCI) used to obtain dynamic mass dis-

tributions of living cells. LCI uses a standard light microscope with a

Michelson interferometer between the microscope objective and the tem-

perature and CO2-controlled observation chamber. The interferometer com-

pares lights that pass through cells to light that passes undisturbed through a

reference chamber. (B) LCI directly measures the phase shift of light due to

its interaction with the material inside a cell. This is converted to cell dry

mass using the measured relationship between light phase shift and material

density, yielding the mass distribution within each individual colony. Scale

bar in panel B is 20 mm.

the smallest visible cellular fragment has a mass of 14 pg. (B and C) Mass

versus time plots of two colonies from panel A. Scale bar in panel A is

1 mm.

Biophysical Journal 105(3) 593–601
Material). These data therefore indicate that hPSC colony
size does not affect the mass accumulation rate of individual
cells within a colony under normal growing conditions
either from positive or negative influences.

The observed exponential increase of colony mass is
governed by a single parameter, the specific growth rate ¼
(dm/dt)/m (growth rate normalized by mass). We fit the dis-
tribution of measured specific growth rate for 658 HSF1
colonies to a log-normal distribution and obtained a mean
specific growth rate of 0.03 h�1, with a SD of 0.63 ln(h�1)
(Fig. 3 B and see Fig. S3, A and B). This value corresponds
to a mass doubling time of 22.8 5 1.1 h (Fig. 3 C). Cell
counting yielded a mean cell number doubling time of
24.9 5 1.2 h (Fig. 3 C and see Fig. S3 C). This result is
not significantly different from our population average
mass accumulation rate, although we note that cell counting
is intrinsically a bulk measurement and does not reveal the
trend of colony growth rate with increasing colony size



FIGURE 3 Average mass accumulation rate for untreated and retinoic acid (RA)-exposed hPSC colonies. (A) Growth rate versus initial mass for untreated

and RA-exposed hPSC colonies shows an exponential growth rate for mass accumulation across five orders of magnitude in mass. RA-treated colonies show

similar mass accumulation rates to untreated colonies. Error bars show the uncertainty in measured growth rate calculated as the SD of the slope of

the biomass versus time measurements. Error bars appear uneven due to the logarithmic scale. (B) Histogram of untreated control colony growth rate

measurements (normalized by initial mass to provide specific growth rate) with the log-normal curve (red) showing the estimated distribution of specific

growth rates that was used to compute doubling time. (C) Doubling time from cell counting is unable to distinguish cell proliferation rates between control

and RA-exposed hPSCs during 4–6 days of growth. Doubling time for cell mass shows a decrease of ~15% with RA treatment (based on measurements of

658 control, 227 RA day-4, and 62 RA day-6 colonies). ctrl¼ control; RA4¼ 4 days of RA treatment, RA6¼ 6 days of RA treatment. Error bars show5 SE

*p < 0.05, ** p < 0.001.
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and typically requires an experiment duration of several
doubling times. Using LCI, we were able to make growth
rate measurements at multiple distinct timepoints in the
seven days total experiment duration, which showed that
there was also no significant variation of the mean specific
growth rate with time since last passage, despite dramatic
differences in colony size (see Fig. S3 D). Additionally,
there were no significant differences in mean specific
growth rate or the power law scaling exponent of the growth
rate versus mass data when only the smallest colonies were
considered in the analysis (see Fig. S3, E and F).

We induced trilineage differentiation by HSF1 exposure
to 10-mM retinoic acid (RA) starting at 24 h after plating
(0 days) to serve as a model of early induced differentiation.
Cell cycle analysis showed a substantial increase in the
G0/G1 subpopulation (Fig. 4 A and see Fig. S4, B and C)
and gene expression profiling showed loss of OCT4 and in-
duction of homeobox family and trilineage differentiation
genesMSX2, GATA3, andHAND1 by four days of RA expo-
sure (Fig. 4 B and see Fig. S4 A). Morphological changes
were also consistent with RA-induced differentiation
(Fig. 5 A). Colonies were imaged with LCI after days 4
and 6 of continuous RA treatment and mass accumulation
rates measured, as for untreated colonies (Fig. 3 A and see
Fig. S3, B and D). Surprisingly, a decrease of ~15% in the
rate of mass accumulation occurs during RA-induced differ-
entiation (Fig. 3 C), despite the appearance of cells with
significantly larger projected areas (Fig. 5A). Themagnitude
of this change cannot be explained by the moderate, 3%
increase in the fraction of dead cells observed during RA dif-
ferentiation (see Fig. S4 D). This result contrasts sharply
with the almost immediate reduction in cell size and nearly
50% increase in proliferation rate observed at the earliest
stages of successful reprogramming to pluripotency (3)
and the 100% decrease in proliferation rate typically
observed in the differentiation of murine ESCs (5). These
results indicate that the net hPSC growth rate before and
during early differentiation is maintained independently of
programs that regulate self-renewal or early differentiation.

HSF1 cells appear small, but their native size in colonies
has not been accurately measured (5). An increase in HSF1
cell area is associated with a transition to fibroblast-like
appearing cells during induced trilineage differentiation
(Fig. 5 A). However, this increase in area is accompanied
by a significant decrease in projected mass per area
(Fig. 5 B), which is consistent with the near-constant growth
rate (biomass accumulation) during this transition. LCI was
used in combination with fluorescent nucleus staining to
measure the average mass per cell within intact colonies
(Fig. 5, C and D, and see Fig. S5, A and B). We also
Biophysical Journal 105(3) 593–601



FIGURE 5 RA-differentiated hPSCs have a lower density, but the same

total mass, as pluripotent hPSCs. (A) Colonies showing morphological

changes associated with RA-induced differentiation. RA-treated cells

visible within colonies have a lower mass per area (note color bar) but

much larger area. (B) Comparison of mass per area (density) of hPSC col-

onies with and without RA treatment. (C) Comparison of average single cell

mass shows no significant change in mass per cell during differentiation.

(D) Plot of all average single cell masses from untreated and RA-treated

colonies. (Solid blue lines) Mean 5 SD of the control measurements

(m ¼ 250 pg) assuming s ¼ sOneCell n
�1/2 as expected for the population

SD. Scale bar in (A) is 100 mm. Error bars show 5 SE. **p < 0.001,

***p < 10�6.

FIGURE 4 Cell cycle and gene expression profiling of RA-exposed

HSF1 hPSC colonies. (A) Cell cycle analysis of RA-treated colonies shows

a substantial increase in G0/G1 fraction, and decrease in S and G2/M frac-

tions by four days of RA treatment. (B) Gene expression after four days of

RA treatment shows induction of homeobox family genes and loss of plu-

ripotency marker OCT4. Error bars show 5 SE. *p < 0.05. **p < 0.01.
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characterized the relationship between average cell mass
and the average distance between daughter cells (see
Fig. S5 C). As colonies differentiate, the distance between
individual cells increases (see Fig. S5 C and Fig. S8 B).
We observe no statistically significant relationship between
cell mass and distance between adjacent cells, further sup-
porting the conclusion that average mass per cell is approx-
imately constant during early differentiation, across all
observed colony morphologies (see Fig. S5, D–G). Despite
large changes in the HSF1 gene expression program (Fig. 4
B and see Fig. S4 A) and a previously reported shift from
glycolysis to oxidative phosphorylation (21), no significant
differences arise between the average mass per cell in
pluripotent colonies versus colonies differentiated for four
days with RA exposure. Cell doubling time is minimally
affected (Fig. 3 C), but the proportion of cells in G0/G1

phase of the cell cycle increases substantially (Fig. 4 A
and see Fig. S4 B), preceding changes in proliferation or
growth rate (Fig. 3) and cell size (Fig. 5).

LCI quantification reveals where mass is increasing or
decreasing within colonies and how quickly the mass distri-
bution changes over time (see Movie S1, Movie S2, Movie
S3, and Movie S4 in the Supporting Material). To quantify
changing mass distributions over time we imaged selected
colonies at a higher data rate and magnification (30 s
between each frame, 20� effective magnification, 40 min
total observation time). Representative images showing
local mass accumulation and loss rates overlaid on colony
images show much larger areas of coordinated mass change
in HSF1 colonies than in RA-differentiated colonies (Fig. 6,
A and D, and see Fig. S7, A—F). The local mass accumula-
Biophysical Journal 105(3) 593–601
tion and loss rates shown in these images represent the sum
of local biomass production and destruction, as well as
reorganization in the mass of individual cells and the motion
of individual cells within colonies. However, due to the
relatively short imaging period, in which the total biomass
accumulation is only ~1% of the colony total mass, these
images primarily represent the redistribution of mass within
colonies, rather than the creation or destruction of biomass.
The pattern of mass redistribution shown in Fig. 6 A appears
as a stretching of the colony along the horizontal axis with
a resulting contraction along the vertical axis, which was



FIGURE 6 HSF1 hPSCs exhibit larger, faster areas of mass redistribution within colonies, indicating a higher degree of movement coordination, than

RA-exposed hPSCs. (A and D) Maps of local specific growth rate (change in mass normalized by average mass) over 45 min for representative (A) undif-

ferentiated and (D) RA-differentiated hPSC colonies (green, mass accumulation; red, mass loss). The pattern of mass redistribution in panel A shows a large

change in undifferentiated colony morphology (stretching) along the horizontal axis (B and C) and the generally larger change in mass distribution in

undifferentiated versus differentiated colonies. RA-differentiated colonies show a much smaller mass redistribution and little change in overall colony

morphology (D–F). Scale bar is 50 mm.
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not observed in RA-treated colonies (Fig. 6 D and see
Fig. S7, D–F).

The autocorrelation function is useful in biological image
analysis to quantify the persistence of deviations from the
average (28). We measured the decay rate of the autocorre-
lation of mass versus time for all 2 h colony mass distribu-
tion measurements to determine the persistence of
fluctuations in intracolony mass distributions. This rate
gives an indication of how quickly mass is being reorgan-
ized within individual colonies as a result of both mass
transport within individual cells and motion of cells relative
to one another. The decorrelation rate of undifferentiated
and RA-differentiated colonies shows a significantly lower
FIGURE 7 Quantification of mass redistribution rate and coordination within h

hPSCs reveals that pluripotent colonies redistribute mass significantly faster th

is significantly lower in RA-differentiated colonies relative to untreated control

of displacement (Dx) as measured in 435 untreated colonies 24 h after platin

RA-treated and 88 untreated colonies on day 6 of RA treatment. For clarity,

**p < 0.001, ***p < 10�5.
(p < 10�5) value for differentiated colonies, consistent
with a much slower reorganization of cellular mass within
these colonies as compared to untreated HSF1 colonies
(Fig. 7 A).

The regions of local mass increase or decrease in plurip-
otent colonies are substantially larger than the regions of
mass increase or decrease in RA-differentiated colonies
(Fig. 6, A and D, and see Fig. S7, A–F). To quantify this
appearance, we analyzed the distributions of local mass in-
crease and decrease by measuring the frequency with which
two locations within a colony were either both increasing or
both decreasing in mass as a function of displacement
within the colony, defined here as P(Dx). This quantity,
PSC colonies. (A) Average decorrelation rates for untreated and RA-treated

an RA-differentiated colonies. (B) Coordination distance within a colony

s. (C) Probability of agreement in mass increase or decrease as a function

g (day 0), 351 RA-treated, and 131 untreated colonies on day 4, and 75

error bars are only shown on every fifth point. Error bars show 5 SE.

Biophysical Journal 105(3) 593–601
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P(Dx), should be equal to 1.0 at very short distances (mean-
ing adjacent locations are highly likely to increase or
decrease in mass together), and should fall to 0.5 at large
distances (because when two locations are very far from
one another, by random chance they will both happen to
be rising or falling together ~50% of the time). The rate
of decay of this probability from 1.0 to 0.5 with displace-
ment indicates the degree of coordination of mass motion
within colonies, with more coordinated colonies showing
a slower rate of decay. Pluripotent colonies measured up
to six days in culture show a significantly slower decrease
in P(Dx) and a significantly larger coordination distance
than RA-differentiated colonies—characteristics that are
lost during the first 1–2 days of RA exposure (1080 total
colonies; Fig. 7, B and C, and see Fig. S8 A). The distance
over which coordination decays in RA-treated colonies is
approximately the distance between neighboring cells,
whereas untreated colonies show coordination up to approx-
imately two cells away (Fig. 7 B and see Fig. S8 B). These
data reveal that coordinated cell movements, detected as
shifts in colony mass distributions, occur in hPSCs and
stop early during RA-induced differentiation.
DISCUSSION

Cells appear to get larger and grow more slowly early during
hPSC differentiation (5). However, our results using a
HSF1 model of early induced differentiation show that
transitions in gene expression, colony morphology, and
cell-cycle phase durations during early differentiation (29)
occur with a nearly constant cell mass and rate of mass
accumulation (Fig. 3 C and Fig. 5 C). Additionally, this
flat or slightly negative growth rate change occurs in early
HSF1 differentiation during the transition from glycolytic
to oxidative energy metabolism (21). Although the more
glycolytic metabolism of hPSCs, reminiscent of the
Warburg effect in cancer, may support a slightly higher
growth rate (30), its impact on cell mass appears minimal.
This is particularly striking in light of cell volume mea-
surements (5), which have shown an increase in cell size
during differentiation. This suggests that during early
differentiation, cell mass is perhaps regulated independently
of cell volume, giving rise to a change in cellular density, as
has been observed in recent measurements of the mass and
volume of budding yeast (31). This should be investigated
further in future work.

hPSCs in vitro show coordinated mass redistribution/
intracolony cell movement, which is reminiscent of, but
not identical to, cell patterning in early embryonic develop-
ment (7,8). The loss of motion coordination after RA
treatment suggests that these programs are silenced during
early hPSC differentiation, in contrast to the program that
regulates cell size/biomass, which is maintained. Cytoskel-
etal components, including the r-associated kinase, and
adhesion molecules, such as E-cadherin, regulate asym-
Biophysical Journal 105(3) 593–601
metric hPSC colony growth, intercolony movement, and
colony fusion events (6) and may play a role in this observed
coordination. The label-free and quantitative nature of the
LCI technique means it can be used to track the motion of
all biomass, rather than specific, labeled features or edges,
in a consistent way from single cells to entire colonies.
This method may therefore have utility in studying the
impact of cell mass redistribution in other models of
hPSC differentiation, beginning with the earliest specifying
events.

Spatial autocorrelations of quantitative phase images
have previously been used to assess the mechanical proper-
ties of red blood cells (RBCs) undergoing morphological
changes (17). In the RBC case, the relatively simple cell
composition and single cell dispersion allows for derivation
of a direct relationship between quantitative phase data and
cellular mechanical properties. In particular, at low fre-
quencies, Park et al. (17) note a moderate anticorrelation
in the spatial phase thickness autocorrelation, which is
suppressed with increasing RBC stiffness. We note the
presence of a similar anticorrelation in the LCI P(Dx)
parameter for control colony measurements on days 0 and 4.

Overall, our results show that large changes in HSF1 col-
ony morphology and motion occur during early RA-induced
differentiation, preceding any potentially large shifts in cell
size and growth rate during later stages of lineage-specific
differentiation. Revealing these features using, what is to
our knowledge, a novel LCI approach improves our under-
standing of early hPSC differentiation, which may have
practical importance for using differentiated hPSCs in
regenerative therapies.
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